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PRODUCTION  OF  GASOLINE  BY  CRACKING  HEAVIER  OILS. 

By  E.  W.  Dean  and  W.  A.  Jacobs. 

INTRODUCTION. 

COMMERCIAL   IMPORTANCE    OF   CRACKING. 

The  ordinary  processes  of  refining  crude  petroleum  yield  a  series 
of  products  differing  widely  in  properties  and  commercial  desirability. 
Those  required  for  the  smaller  types  of  internal  combustion  engines, 
such  as  are  now  generally  used  in  airplanes,  motor  boats,  farm  trac- 
tors, motor  trucks,  and  automobiles,  are  in  greatest  demand.  Kero- 
sene and  fuel  oil,  which  are  used  to  produce  light,  heat,  or  power  in 
competition  with  other  more  plentiful  resources,  such  as  coal,  are 
less  desirable  with  regard  both  to  commercial  profit  and  the  conser- 
vation of  natural  resources. 

Of  the  two  types  of  products  used  in  internal  combustion  engines — 
lubricants  and  gasoline — the  former  does  not  seem  as  yet  to  offer  a 
problem  in  the  conservation  of  resources.  Gasoline  is,  however, 
being  produced  in  such  quantities  that  its  continued  use  on  the  pres- 
ent scale  threatens  to  bring  about  the  practical  exhaustion  of  the 
country's  underground  supply  of  crude  petroleum  in  the  course  of  a 
few  generations  at  most.  The  Bureau  of  Mines  knows  of  no  more 
important  problem  facing  the  country  to-day  than  the  conservation 
of  this  valuable  natural  resource,  and  has  undertaken  through  the 
present  investigation  and  other  studies  to  promote  greater  efficiency 
in  the  utilization  of  crude  petroleum. 

The  Bureau  of  Mines  does  not,  of  course,  believe  that  to  convert 
all  kerosene  and  fuel  oil  into  gasoline  is  either  desirable  or  possible, 
and  recognizes,  moreover,  the  fact  that  conservation  may  be  effected 
by  other  means  than  the  increased  production  of  gasoline — for  exam- 
ple, by  the  wider  use  of  the  highly  efficient  types  of  heavy-oil  internal- 
combustion  engines.  Nevertheless,  it  is  apparent  that,  for  the  pres- 
ent at  least,  the  proportionate  production  of  volatile  distillates  from 
crude  petroleum  should  be  increased.  The  most  important  means 
of  accomplishing  this  end  is  the  wider  use  of  cracking  processes,  which, 
although  not  entirely  desirable  from  an  economic  point  of  view,  un- 
doubtedly permit  more  efficient  utilization  of  petroleum  than  would 
be  possible  at  present  if  only  the  older  types  of  refinery  procedure 
were  employed. 

Cracking  is  already  a  factor  of  importance  in  the  commercial  pro- 
duction of  gasoline.     Indeed,  the  bureau  was  advised  by  President 
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W.  M.  Burton  of  the  Standard  Oil  Co.  of  Indiana  that  in  the  calen- 
dar year  1918  his  company  alone  produced  nearly  a  quarter  of  a 
billion  gallons  of  cracked  gasoline.  No  figures  are  at  hand  for  the 
production  of  cracked  gasoline  by  other  companies,  but  a  minimum 
estimate  of  another  hundred  million  gallons  seems  justifiable.  This 
increases  the  total  figure  to  about  10  per  cent  of  the  Nation's  gaso- 
line production  of  approximately  3,600,000,000  gallons  for  the  cal- 
endar year  1918.  Practically  all  of  this  cracked  gasoline  was  pro- 
duced by  a  single  process,  the  Burton,  and  on  account  of  the  possible 
desirability  of  having  available  other  processes,  the  Bureau  of  Mines 
has  undertaken  to  obtain  data  regarding  certain  of  the  more  im- 
portant physical  and  chemical  factors  controlling  the  chemical  reac- 
tions by  which  less  volatile  oils  are  transformed  into  gasoline. 

SCOPE  OF  THE  PRESENT  BULLETIN. 

The  bureau  has  already  published  (references  25,  28-33,  p.  54) 
"considerable  information  on  cracking.  The  experimental  work  re- 
ported covered  the  entire  range  of  temperature  and  pressure  regarded 
as  practical  under  commercial  conditions,  and  involved  detailed  study 
of  the  production  of  aromatic  hydrocarbons.  The  range  of  tempera- 
ture favorable  for  the  production  of  volatile  nonaromatic  hydro- 
carbons, generally  classed  as  gasoline,  was  not  covered  with  enough 
detail  to  furnish  the  data  applicable  to  processes  in  which  gasoline 
is  the  chief  product,  and  the  present  series  of  experiments  was  out- 
lined to  determine  some  of  the  more  important  relations  between 
gasoline  formation  and  operating  conditions. 

The  experiments  described  in  this  bulletin  were  not  intended  to 
cover  the  development  of  any  one  commercial  process,  nor  do  their 
results  answer  all  the  questions  that  arise  concerning  cracking.  A 
number  of  important  facts  which  do  not  seem  to  be  generally  recog- 
nized by  those  developing  or  operating  cracking  processes  have,  how- 
ever, been  demonstrated. 

DISCUSSION    OF    TYPES    OF    CRACKING    PROCESSES. 

It  is  difficult  to  devise  a  scheme  of  classifying  cracking  processes 
that  is  entirely  satisfactory,  but  for  purposes  of  present  discussion 
the  following  outline  is  offered. 

1.  Catalytic  processes. 

2.  Thermal  processes. 

a.  Pressure  distillation  processes. 

b.  So-called  vapor-phase  processes. 

This  classification  is  obviously  not  strictly  accurate,  as  thermal 
conditions  are  undoubtedly  of  importance  in  processes  classed  as 
catalytic,  and  it  is  likewise  possible  that  catalytic  action  is  involved 
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in  so-called  thermal  processes.  No  attempt  is  made  to  consider  the 
factor  of  pressure  in  the  classification  just  given,  which  really  involves 
differentiation  on  the  basis  of  the  condition  or  factor  of  major  impor- 
tance. With  catalytic  processes,  the  catalytic  agent  is  of  chief  im- 
portance; with  thermal  processes,  temperature. 

CATALYTIC    PROCESSES. 

This  paper  does  not  deal  with  catalytic  processes  for  the  produc- 
tion of  gasoline,  nor  does  it  attempt  to  discuss  this  interesting  phase 
of  the  cracking  problem.  Of  the  various  catalytic  agents  that  have 
been  tried,  however,  aluminum  chloride  seems  at  present  to  excel 
all  others.  Processes  of  the  catalytic  type  undoubtedly  offer  attrac- 
tive possibilities  for  research  but,  up  to  date,  the  problem  seems  to 
concern  chiefly  either  the  cheap  production  or  the  economical  recov- 
ery of  the  catalyzer. 

THERMAL  PROCESSES. 

Practically  all  of  the  most  familiar  cracking  processes  are  of  the 
thermal  type.  The  basic  principle  of  the  chemical  relations  involved 
is  that  when  chemical  compounds,  particularly  organic  compounds, 
are  heated  to  a  sufficiently  high  temperature  they  tend  to  decompose. 
The  cracking  of  petroleum  is  a  specialized  and  commercially  impor- 
tant application  of  this  principle,  but  the  fundamental  governing 
laws  are  undoubtedly  the  same  as  for  other  types  of  compounds. 
There  is,  for  instance,  a  parallelism  between  the  coking  of  coal  and 
the  cracking  of  petroleum. 

PRESSURE-DISTILLATION    PROCESSES. 

The  pressure-distillation  type  of  cracking  process  is  the  one  that 
seems  to  have  been  developed  most  extensively  to  date  and  at  present 
is  the  only  one  that  is  a  factor  of  real  commercial  importance  in  the 
production  of  gasoline.  Cracking  by  distillation  without  pressure  is 
old,  and  has  been  in  use  for  years  for  the  production  of  kerosene  from 
heavier  petroleum  products.  It  was  early  discovered,  by  accid  nt, 
it  is  said,  that  vigorously  fired  stills,  constructed  with  plenty  of  sur- 
face for  reflux  condensation,  were  capable  of  cracking  heavy  hydro- 
carbons into  distillates  which  were  largely  of  the  volatility  range 
required  for  kerosene  or  lamp  oil.  The  pressure-distillation  process 
was  developed  when  gasoline,  instead  of  kerosene,  became  the  prod- 
uct most  needed.  The  difficulties  involved  in  the  development  and 
operation  of  the  pressure-distillation  process  were  considerably 
greater  than  those  that  must  have  been  encountered  in  the  cracking 
distillation  of  kerosene;  and  the  development  of  the  Burton  process, 
which  has  been  described  by  Dr.  Burton  himself  (reference  3,  p.  52), 
is  one  of  the  important  scientific  achievements  of  the  present  day. 
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The  mechanism  of  the  pressure-distillation  type  of  process  is  indi- 
cated by  the  title.  A  charge  of  oil  is  distilled  under  a  pressure  that 
permits  the  maintenance  of  temperatures  high  enough  to  cause 
cracking.  The  gasoline  formed  is  removed  continuously  by  distilla- 
tion, and  the  heating  continues  until  the  maximum  amount  of  crack- 
ing that  has  been  found  economically  desirable  is  attained.  Success 
and  safety  in  the  operation  of  such  a  process  are,  of  course,  dependent 
to  a  great  degree  upon  the  details  of  equipment  and  procedure,  and 
the  applicability  of  the  process  is  limited  to  types  of  oil  that  do  not 
introduce  excessive  mechanical  difficulties.  Oils  of  too  low  a  boiling 
point,  that  is,  of  too  high  vapor  pressure,  such  as  kerosene  distillate, 
necessitate  the  carrying  of  pressures  that  are  considered  too  high  for 
safety,  and  they  can  be  cracked  only  when  present  in  relatively 
small  proportion  with  other  less  volatile  distillates.  Oils  with  too 
great  a  content  of  asphaltic  or  pitchy  constituents  are  considered 
unsuitable  on  account  of  their  tendency  to  deposit  excessive  quan- 
tities of  carbon. 

The  pressure-distillation  process  is  one  that  seems  decidedly  ad- 
vantageous as  to  chemical  kinetics.  The  temperatures  maintained 
in  the  body  of  liquid  oil  are  relatively  low.  In  fact,  the  Burton  pat- 
ents specify  a  temperature  ranging  from  340°  to  450°  C.  The  tem- 
perature of  the  metal  surfaces  that  transmit  heat  to  the  oil  is  un- 
doubtedly considerably  higher,  but  the  results  of  the  process  warrant 
considering  it  as  operating  at  a  relatively  low  temperature.  The 
desired  product,  gasoline,  is  removed  from  the  cracking  zone  practi- 
cally as  soon  as  it  is  formed.  The  gasoline  is  volatile  under  the  tem- 
perature and  pressure  conditions  maintained  in  the  still  and  passes 
promptly  into  the  vapor  line.  These  conditions  of  low  temperature 
and  prompt  removal  of  gasoline  favor  a  high  yield  of  volatile  liquid 
hydrocarbons  with  a  minimum  formation  of  those  undesirable  prod- 
ucts— carbon  and  permanent  gas. 

The  disadvantages  of  pressure-distillation  -processes  chiefly  con- 
cern operating  conditions.  The  stills  commonly  used  have  a  high 
fuel  consumption,  which  may  or  may  not  be  necessary.  The  most 
important  disadvantage  concerns  the  safety  of  the  workers.  The 
care  with  which  pressure-distillation  processes  have  been  and  are 
operated  has  kept  down  the  number  of  accidents  to  a  very  moderate 
figure,  but  it  is  a  fact,  nevertheless,  that  there  is  considerable  danger 
when  a  large  body  of  oil  is  heated  under  pressure  to  a  temperature 
sufficient  to  cause  cracking.  Pressure-distillation  processes  are  sub- 
ject to  the  further  limitation  of  working  to  the  best  advantage  only 
with  a  type  of  oil  that  is  free  from  asphaltic  material  and  has  a 
relatively  high  boiling  point.  In  stating  these  disadvantages  the 
authors  do  not  wish  to  give  the  impression  that  in  their  opinion  any 
other  type  of  process  is  necessarily  preferable  to  the  pressure-distilla- 
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tion  type;  it  is  simply  their  purpose  to  indicate  that,  in  spite  of  its 
advantages  from  a  chemical  point  of  view,  there  is  need  for  other 
processes  handling  a  wider  range  of  raw  material  and  not  requiring 
such  extreme  care  in  operation. 

SO-CALLED  VAPOR-PHASE  PROCESSES. 

The  other  common  type  of  thermal  process  is  that  in  which  oil  is 
cracked  by  passage  through  some  sort  of  system,  generally  a  tubular 
one,  that  is  strongly  heated.  Whether  the  oil  is  completely  vaporized 
previous  to  cracking  during  its  passage  through  the  heated  zone  is 
questionable,  but  as  regards  chemical  behavior  this  type  of  process 
has  characteristics  indicating  a  single-phase  or  vapor-phase  system. 
In  the  distillation  type  of  process  there  is  for  each  oil  a  relation  be- 
tween temperature  and  pressure.  With  the  vapor-phase  type  the 
two  conditions  of  temperature  and  pressure  can  be  fixed  indepen- 
dently of  each  other  and  of  the  physical  properties  of  the  oil  cracked, 
which  according  to  the  phase  rule  makes  it  possible  to  regard  the 
cracking  zone  as  a  single-phase  or  vapor-phase  system. 

The  vapor-phase  processes  have  been  developed  along  commercial 
lines,  with  a  number  of  modifications,  but  they  seem  to  differ  chiefly 
in  mechanical  and  operating  details,  the  fundamental  mechanism 
seemingly  being  the  same.  A  stream  of  oil  is  passed  through  the 
heated  zone  of  the  cracking  system,  the  latter  being  maintained  at  a 
temperature  high  enough  to  bring  about  the  desired  degree  of  con- 
version. Vapor-phase  cracking  processes  practically  always  operate 
under  pressure,  although,  as  has  been  stated,  this  is  not  an  absolute 
essential,  as  it  is  for  pressure-distillation  processes.  The  temperatures 
usually  measured  are  those  of  the  cracked  products  leaving  the  heated 
zone,  and  the  figures  generally  specified  in  patent  claims  or  in 
descriptions  of  processes  are  between  500°  C.  and  600°  C. 

As  regards  chemical  action  in  vapor-phase  processes  it  appears 
that  the  gasoline  formed  by  cracking  is  not  removed  continuously 
but  remains  with  the  uncracked  oil  during  its  entire  course  through 
the  cracking  furnace.  This  results  in  the  exposure  of  the  gasoline  to 
cracking  conditions  for  an  appreciable  interval  of  time  after  its  forma- 
tion and  gives  an  opportunity  for  recracking  and  consequent  forma- 
tion of  permanent  gas.  On  this  account,  as  well  as  on  account  of  the 
fact  that  the  temperatures  are  undoubtedly  higher  than  those  effec- 
tive in  the  pressure-distillation  type  of  process,  the  amount  of  gas 
formed  per  unit  quantity  of  gasoline  produced  is  higher  in  vapor- 
phase  than  in  the  pressure-distillation  processes. 

Most  of  the  vapor-phase  processes  with  which  the  authors  are 
familiar  are  believed  to  be  more  economical  in  fuel  consumption  than 
pressure-distillation  processes.  As  only  a  relatively  small  quantity 
59356°— 22 2 
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of  oil  is  in  the  system  at  any  time,  the  danger  is  less  if  the  equipment 
fails.  Vapor-phase  processes  seem  no  more  successful  than  pressure- 
distillation  processes  in  handling  oils  containing  asphaltic  material, 
but  have  been  found  to  crack  satisfactorily  the  more  volatile  products, 
such  as  kerosene  distillate,  which  pressure-distillation  processes 
usually  handle  only  in  limited  degree.  These  facts  indicate  the  pos- 
sible advantages  of  the  vapor-phase  type  of  process  and  lead  to  the 
belief  that  it  has  commercial  possibilities.  It  is  recognized,  however, 
that  these  commercial  possibilities  have  not  yet  been  demonstrated  as 
definitely  as  have  those  of  the  pressure-distillation  processes. 

RESULTS    ACCOMPLISHED    IN    PRESENT    EXPERIMENTS. 

The  experiments  described  in  this  paper  are  in  a  way  a  continua- 
tion of  those  conducted  by  Rittman  and  his  associates,  described  in 
previous  publications  (references  25,  28-33,  inclusive).  The  results 
of  the  work  described  herein  are  briefly  as  follows : 

1.  Experimental  equipment  and  methods  have  been  developed  so 
that  results  are  reproducible  within  relatively  small  limits  of  error. 

2.  The  temperature  range  favorable  for  the  formation  of  gasoline 
by  cracking  has  been  shown  to  extend  over  a  range  of  less  than  50°  C. 
for  any  one  oil. 

3.  The  advantages  of  cracking  under  pressure  have  been  demon- 
strated. It  has  been  found,  however,  that  excessively  high  pressures 
are  not  essential  for  a  reasonably  satisfactory  cracking  efficiency. 

4.  Contrary  to  expectations,  it  has  been  found  that  cracking  by 
the  vapor-phase  method  can  be  accomplished  more  economically, 
as  regards  losses  in  recovery  of  cracked  oil,  by  the  use  of  a  high  tem- 
perature and  a  high  rate  of  feed  than  by  a  lower  temperature  and  rate. 

5.  Results  have  been  obtained  which  indicate  that  there  may  be 
more  cracking  at  the  contact  surface  where  heat  is  supplied  to  the  oil 
than  throughout  the  entire  volume  of  the  cracking  system. 

6.  Indications  have  been  obtained  as  to  the  relative  behavior  of 
several  types  of  oil  under  cracking  conditions. 

EXPERIMENTAL    WORK. 

The  cracking  furnace  used  in  the  present  series  of  experiments  was 
similar  in  principle  to  that  of  Whitaker  and  Rittman  (reference  34) . 
Previous  experience  with  this  apparatus  had  indicated  that  the 
principal  difficulties  were,  first,  constructing  a  furnace  that  would  not 
leak;  second,  measuring  temperature;  third,  controlling  the  rate  of 
feed;  and  fourth,  bringing  the  oil  uniformly  to  cracking  temperature 
during  its  passage  through  the  furnace. 

Some  of  these  difficulties  were  solved  by  the  earlier  investigators; 
others  continued  to  give  trouble  in  spite  of  efforts  to  correct  them. 
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The  apparatus  and  procedure  employed  by  the  authors  have  been 
satisfactory  in  all  particulars  except  possibly  the  control  of  the  rate 
of  feed,  which  was  improved,  but  not  rendered  absolutely  satisfactory. 

CONSTRUCTION   OF   FURNACE. 

The  construction  of  the  furnace  used  in  the  present  experiments 
is  represented  diagrammatically  in  figure  1.  The  appended  descrip- 
tion explains  the  important  details.  All  connections  were  made  at 
an  angle  of  45°  from  the  perpendicular,  and  particular  care  was  taken 
to  eliminate  all  other  possibilities  of  forming  traps  or  pools  of  liquid 
in  any  part  of  the  system  above  the  receiving  cylinder. 

The  number  of  parts  was  reduced  to  a  minimum  and  some  of  the 
connections  were  brazed  or  oxywelded.  All  large  joints  and  those  of 
smaller  size  that  required  frequent  opening  were  made  tight  by  seating 
plane  surfaces  against  copper  or  composition  gaskets.  For  these, 
a  type  of  material  sold  as  Janos  packing  was  found  satisfactory. 
Whenever  the  joints  involved  ordinary  tapered  threads,  as  for  small 
connections  rarely  or  never  disturbed,  care  was  taken  to  have  the  two 
threaded  parts  cut  with  the  same  taper,  thus  making  the  joint  tight 
through  the  contact  of  a  considerable  number  of  threads,  and  avoid- 
ing difficulties  likely  to  occur  when  only  two  or  three  threads  bear 
on  each  other. 

In  designing  and  developing  the  furnace,  many  difficulties  were 
encountered  and  the  final  design  was  evolved  only  after  a  number  of 
failures.  That  a  satisfactory  degree  of  tightness  was,  however, 
finally  attained  is  indicated  by  the  fact  that  the  furnace  did  not  ever 
lose  more  than  10  pounds  in  pressure  when  allowed  to  stand  overnight 
with  an  initial  pressure  of  150  pounds  per  square  inch,  gage  reading. 

DETAILED   DESCRIPTION    OF   FURNACE. 

a  is  an  oil-feed  cup,  with  gage  glass,  needle  valve,  sight  glass,  and 
exterior-pressure  equalizing  tube.  It  is  rebuilt  from  a  Powell  "  Cap- 
tain" lubricator  of  1-quart  size,  to  permit  complete  drainage  of  its 
contents  and  to  avoid  the  use  of  an  interior-pressure  equalizer  that 
sometimes  fails  to  operate  satisfactorily. 

6  is  a  side  tube  of  three-fourths  inch  internal  diameter  extra  heavy 
iron  pipe  1  foot  long,  set  at  an  angle  of  45°  from  the  perpendicular. 
It  contains  an  inner  tube  of  brass,  designed  to  feed  oil  into  the  trans- 
verse center  of  the  furnace  tube.  The  side  tube  is  long  enough  to 
prevent  the  feed  cup  from  becoming  strongly  heated  from  the  body 
of  the  furnace,  either  by  radiation  or  conduction. 

c  is  the  upper  pressure  gage  indicator,  used  to  indicate  clogging  of 
the  furnace  tube  in  case  much  carbon  forms. 

d  is  an  upper  Y  forging  of  steel,  made  with  seats  for  copper  gaskets 
for  joints  of  the  large  furnace  tube. 
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DETAIL  OF  HEATING  ELEMENT 
AND  HOT  JUNCTION  OF 
THERMOCOUPLE 
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v'te ru',  Je  ving-rSttt     At  left  detail  of  heating  element  and  hot  junction  of  thermocouple;  . e  fur- 

nace tube;/,,  asbestospaper;/,,  60-foot  length  of  nickel-chromium  wire;/a,shell  of  alundum;?,  insulating 

case;i,  thermocouple  elements. 
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e  is  a  furnace  tube,  36  inches  long,  of  1^-inch  internal  diameter, 
extra  heavy  iron  pipe,  with  the  ends  seated  against  copper  gaskets 
in  upper  and  lower  Y  forgings. 

/  is  the  heating  element  of  the  furnace  and  is  shown  in  detail  at  the 
left.  It  consists  of  fv  asbestos  paper  wound  on  iron  furnace  tube; 
f2,  a  60-foot  length  of  No.  16  B.  and  S.  gage  nickel-chronium  wire  (for 
220-volt  current)  wound  evenly  over  a  22-inch  length  of  the  furnace 
tube  and  equally  distributed  above  and  below  the  vertical  center  of 
the  tube;  and  f3,  a  supporting  shell  of  alundum  for  the  resistance 
wire,  made  by  covering  the  latter  with  a  paste  of  alundum  cement, 
drying  it,  and  baking  it  later  with  the  heat  of  the  furnace.  This 
shell  serves  to  hold  the  wires  in  place  and  away  from  contact  with 
the  iron  after  the  asbestos  paper  has  been  disentegratcd  by  the  heat. 

g  is  the  insulating  case  of  the  furnace,  consisting  of  kieselguhr 
composition  bricks  fitted  against  the  heating  element  and  cased  in 
asbestos  board  held  by  metal  edges  and  tie  bolts. 

h  is  the  chain  filling  in  the  furnace  tube,  consisting  of  36  feet  of 
No.  16  iron  "jack"  chain,  resting — packed  under  its  own  weight— on 
a  support  in  the  vertical  middle  of  the  furnace  tube. 

i  is  the  thermocouple  elements,  with  a  hot  junction  peened  into 
the  wall  of  the  iron  furnace  tube.  This  is  shown  in  detail  at  the  left 
of  figure  1. 

j  is  a  vacuum  bottle  filled  with  shaved  ice  and  distilled  water,  form- 
ing the  cold  junction  of  the  thermocouple. 

~k  is  a  potentiometer  indicator  for  the  thermocouple. 

I  is  a  rheostat  for  controlling  the  heating  current;  resistance  about 
35  ohms  and  capacity  12  amperes  when  used  with  220-volt  current. 
Current  consumption  for  temperatures  of  550°  to  600°  C.  varies 
between  5.5  and  6.5  amperes. 

m  is  an  ammeter  in  series  with  heating  circuit. 

wis  a  switch  on  electric  mains. 

o  is  a  lower  Y  forging. 

p  is  a  plug,  seating  against  a  gasket,  and  holding  a  rod  extending  to 
the  center  of  the  furnace  tube  to  support  the  chain  filling  in  position. 

q  is  a  condenser,  consisting  of  a  30-inch  piece  of  1-inch  internal 
diameter  extra  heavy  iron  pipe,  welded  into  the  lower  Y  forging, 
sloping  downward  at  an  angle  of  45°  from  the  perpendicular  for  a 
length  of  about  6  inches,  and  bent  to  be  perpendicular  for  the  rest  of 
its  length.  It  is  cooled  over  a  length  of  20  inches  by  an  open-topped 
jacket  filled  with  cracked  ice  and  water,  or  with  running  water. 

r  is  an  inlet  pipe  from  a  compressor  pump  used  to  bring  the  system 
to  the  desired  pressure  before  the  run  is  started. 

s  is  the  lower  pressure  gage,  indicator. 

t  is  a  Lunkenheimer  needle-valve  for  regulating  pressure  during 
the  run. 
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u  is  a  receiving  bottle  of  3-inch  internal  diameter  extra  heavy  iron 
pipe  about  1  foot  long,  with  welded-in  bottom  and  top  connections, 
the  latter  joining  the  bottom  of  the  condenser  tube,  seating  there 
against  a  fiber  gasket. 

TEMPERATURE  MEASUREMENT. 

In  the  present  experiments  temperature  measurement  involved 
two  phases:  First,  determining  the  part  or  parts  of  the  cracking 
system  where  the  temperature  should  be  measured;  and,  second, 
devising  a  convenient  and  accurate  method  of  making  the  measure- 
ments. 

The  cracking  furnace  is  essentially  a  length  of  iron  pipe  surrounded 
with  a  heating  element  of  resistance  wire,  through  which  an  electric 
current  is  passed.  For  different  points  in  the  furnace  the  temperature 
is  bound  to  differ  unless  elaborate  and  very  troublesome  precautions 
are  taken  in  designing  the  heating  element.  The  differences  through- 
out the  length  of  the  tube  vary  with  the  temperature  maintained, 
with  the  rate  of  feed  of  the  oil,  and  probably  with  both  the  pressure 
maintained  and  the  properties  of  the  oil.  To  maintain  a  uniform 
temperature  throughout  this  tube  would  involve  the  experimental 
determination  of  the  required  arrangement  of  resistance  wire  for  each 
temperature,  each  rate  of  feed,  and  possibly  for  each  pressure  and  each 
type  of  oil.  A  new  heating  element  would  be  required  for  each  of 
these  conditions  and  the  amount  of  work  necessitated  would  have 
been  prohibitive.  It  seemed  best,  on  final  consideration,  to  make  no 
attempt  to  construct  a  furnace  that  would  be  of  uniform  temperature 
throughout  its  entire  length,  but  simpl}-  to  adopt  a  winding  that  was 
readily  reproducible.  When  applied  in  practice,  this  meant  that 
the  wire  was  wound  at  uniform  pitch  and  the  heat  supplied  evenly 
through  a  22-inch  length  of  tube.  Inasmuch  as  this  rather  empirical 
scheme  was  necessary,  it  seemed  justifiable  to  select  empirically  the 
point  or  points  chosen  as  a  basis  for  temperature  measurement. 
Accordingly,  it  was  decided  to  measure  the  temperature  at  the 
middle  of  the  22-inch  length  of  furnace  winding. 

In  previous  experimental  work,  measurement  of  the  temperature 
of  the  oil-vapor  current  in  the  interior  of  the  furnace  had  been 
attempted.  The  methods  used  involved  inaccuracies  that  were 
recognized  by  the  investigators  but  were  not  corrected  because  the 
differences  in  temperature  between  the  various  tests  were  so  consider- 
able that  the  scheme  employed  was  adequate  to  accomplish  the  desired 
end.  For  the  present  experiments,  it  was  predicted  and  later  dem- 
onstrated that  the  temperature  differences  would  be  small  and  that 
extreme  accuracy  in  measurement  would  be  necessary. 
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The  scheme  first  developed  involved  the  insertion  of  a  bare  thermo- 
couple through 'a  specially  designed,  pressure-tight  insulating  plug 
at  the  bottom  of  the  furnace  tube.  This  device  was  developed  to 
reasonably  satisfactory  behavior  and  several  runs  were  made.  The 
results  of  these  experiments,  which  are  discussed  in  a  later  connection, 
indicated  the  desirability  of  measuring  the  temperature  of  the  furnace 
walls  rather  than  that  of  the  interior,  since  the  indications  were  that 
the  degree  of  cracking  was  controlled  more  definitely  by  this  wall 
temperature  than  by  the  temperature  of  the  current  of  oil  vapor  in 
the  interior.  Moreover,  it  was  recognized  that  some  little  difficulty 
would  be  encountered  in  trying  to  measure  the  true  temperature  of 
the  current  of  oil  vapor  even  at  one  point,  for  the  thermocouple  would 
be  heated  by  radiation  from  the  furnace  walls  as  well  as  by  conduction 
from  the  oil  vapor. 

The  method  of  measuring  temperature  indicated  as  desirable  both 
from  the  point  of  view  of  theoretical  correctness  and  convenience  is 
one  that  has  been  extensively  employed  by  engineers  of  the  fuel 
division  of  the  bureau  (reference  23,  p.  53).  The  authors'  method, 
representing  a  slight  modification  of  that  in  the  aforesaid  work, 
is  as  follows: 

The  ends  of  the  two  thermocouple  elements  were  embedded  in  the 
metal  walls  of  the  iron  tube  constituting  the  body  of  the  furnace  by 
a  modification  of  the  procedure  technically  known  as  "peening." 
To  do  this  the  ends  of  the  elements  were  threaded  and  screwed 
(without  lubrication)  into  small  holes  bored  and  threaded  in  the 
furnace  tubes,  these  holes  having  a  depth  about  half  the  thickness  of 
the  walls  and  being  approximately  one-fourth  inch  apart.  After  the 
couple  was  screwed  in,  the  metal  surrounding  the  inserts  was  ham- 
mered to  assure  perfect  tightness.  A  couple  so  attached  became  a 
permanent  fixture  in  the  furnace  and  did  not  need  to  be  disturbed 
during  the  operation  of  the  latter.  To  prove  that  the  electromotive 
force  of  the  couple  had  not  been  changed  by  separating  the  elements 
and  peening  them  into  the  iron,  an  actual  recalibration  was  made 
after  the  couple  was  in  place.  Results  showed  that  the  peened 
couple  retained  its  original  thermoelectric  properties. 

The  elements  of  the  couple  are  so  small  in  relation  to  the  body  of 
iron  in  which  they  are  embedded  that  the  heat  they  conduct  away 
causes  no  appreciable  error.  The  thermocouple  wires  passed  through 
the  heating  element  of  the  electric  furnace  between  turns  of  the 
nickel-chromium  wire  composing  the  heating  element  and  through  the 
insulating  jacket  between  the  kieselguhr  bricks  of  which  it  was 
composed. 

The  thermocouples  used  as  just  described  and  that  inserted  into 
the  cracking  chamber  were  manufactured  by  the  Hoskins  Co.,  of 
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small  square  rod  about  1.6  mm.  or  0.063  inch  through.  The  cold 
junctions  were  kept  at  a  temperature  of  0°  C.  in  a  mixture  of  shaved 
ice  and  distilled  water.  The  electromotive  force  developed  by  the 
couples  was  measured  with  a  standardized  Leeds  &  Northrup  portable 
potentiometer  of  40  millivolts  range.  Check  readings  were  made 
with  a  Siemans  &  Halske  millivoltmeter  of  1,476  ohms  internal 
resistance  and  26  millivolts  range.  Both  instruments  agreed  within 
one  or  two  hundredths  of  a  millivolt  for  all  readings  taken  through 
the  period  of  several  months  during  which  the  experiments  continued. 

Calibrations  of  the  couples  and  instruments  were  made  by  A.  A. 
Ashman  of  the  physical  laboratory  of  the  Pittsburgh  experiment 
station  of  the  Bureau  of  Mines.  The  couples  were  compared  with  a 
platinum  and  platinum-rhodium  couple,  the  accuracy  of  which  had 
been  verified  for  the  present  temperature  range  by  taking  the  zinc 
point  (419.4°  C.)  and  the  antimony  point  (630°  C.) .  A  Wolff  potenti- 
ometer, recently  checked  by  the  Bureau  of  Standards,  was  used  in 
calibrating  the  portable  potentiometer. 

As  some  of  the  temperature  indications  derived  from  the  present 
experiments  differed  noticeably  from  earlier  findings,  great  care  was 
taken,  and  so  high  a  degree  of  accuracy  was  attained  and  maintained 
that  it  is  believed  no  errors  are  involved  greater  than  plus  or  minus 
1°  C. 

METHOD  OF  REGULATING  THE  RATE  OF  FEED. 

The  device  for  regulating  the  rate  of  feed  of  oil  into  the  cracking 
zone  is  represented  diagrammatically  in  figure  1  (see  p.  12).  It  con- 
sists essentially  of  a  brass  container  with  a  pressure-equalizing 
connection  and  a  needle  valve  for  controlling  the  rate  of  flow  of  the 
oil.  This  feed  cup  was  located  so  far  from  the  furnace  that  its  temper- 
ature and  that  of  its  contents  were  not  raised  considerably  during 
a  run.  The  rate  of  feed  was  regulated  by  adjusting  the  needle  valve 
so  that  a  predetermined  number  of  drops  per  minute  fell  from  a  tip 
located  between  sight  glasses. 

This  device  permitted  reasonable  accuracy  in  maintaining  a  given 
rate  of  feed,  although,  of  course,  it  had  to  be  watched  closely  and 
frequent  adjustments  of  the  needle  valve  had  to  be  made  on  account 
of  changes  in  the  head  and  viscosity  of  the  oil,  owing  to  the  moderate 
but  inevitable  heating  of  the  cup  and  its  contents  by  the  conduction 
and  radiation  of  heat  from  the  cracking  furnace. 

Maintaining  a  flow  of  a  given  number  of  drops  per  minute  gave  as- 
surance of  a  practically  constant  rate  of  feed  during  each  test  but  did 
not  furnish  a  definite  index  of  the  quantity  of  oil  supplied  per  unit 
of  time,  as  the  size  of  the  drops  was  larger  at  faster  than  at  slower 
rates.  The  time  consumed  in  running  a  given  quantity  of  oil  into 
the  furnace  was  measured,  and  the  rate  of  feed  in  cubic  centimeters 
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per  minute  was  determined  by  dividing  this  quantity  by  the  elapsed 
time. 

Examination  of  the  figures  for  elapsed  time  in  running  a  given 
quantity  of  oil  (500  c.  c.  in  practically  all  trials)  shows  variation 
from  the  mean  that  were  occasionally  as  great  as  10  per  cent,  though 
more  generally  less  than  5  per  cent.  The  variations  involved  by  this 
device  and  method  undoubtedly  introduced  the  greatest  single  factor 
of  variation  in  the  results  of  recent  experiments. 

FILLING    MATERIAL. 

In  using  the  original  furnace  of  Whitaker  and  Rittman  (reference 
34)  the  upper  half  of  the  heated  zone  was  filled  with  steel  balls. 
Several  later  installations  involved  modifications  of  this  arrange- 
ment and  the  authors  began  their  work  with  a  furnace  in  which  the 
oil  dropped  from  the  feed  cup  into  a  small  basket  with  steel  balls. 
Discrepancies  in  the  preliminary  runs  were  shown  to  be  due  to  the 
inefficiency  of  this  device  in  accomplishing  thorough  distribution 
of  the  oil  in  the  cracking  zone.  After  a  variety  of  devices  were  tried, 
an  arrangement  of  filling  material  was  adopted  which  was  the  same 
in  principle  but  slightly  more  convenient  in  operation  than  that  of 
Whitaker  and  Rittman.  A  36-foot  length  of  No.  16  iron  jack-chain 
was  allowed  to  pack  under  it  own  weight  on  a  support  at  the  vertical 
center  of  the  heated  zone.  The  support  was  a  disk  about  1  inch  in 
diameter,  mounted  on  a  rod  attached  to  the  plug  closing  the  bottom 
of  the  furnace  tube. 

This  arrangement  was  selected  because  of  its  convenience  and  be- 
cause its  use  was  found  to  bring  about  the  maximum  degree  of  cracking 
attainable  with  a  given  oil  at  a  given  temperature,  pressure,  and  rate 
of  feed. 

METHOD   OF   OPERATING  FURNACE. 

After  the  furnace  was  developed  and  adjusted,  it  was  necessary 
to  adopt  a  standard  method  of  operation  and  procedure.  For 
purposes  of  description  this  can  be  divided  into  two  general  parts, 
the  furnace  "run"  and  the  analysis  of  products. 

FURNACE   RUN. 

The  furnace  was  heated  to  the  desired  temperature  by  passing  a 
regulated  electric  current  through  the  resistance  element.  The 
cracking  system  was  brought  to  the  desired  pressure  by  pumping  in 
natural  gas  with  a  motor-driven  compressor.  After  these  conditions 
had  been  established,  the  oil,  previously  measured  into  the  feed  cup, 
was  started  flowing,  with  the  rate  of  feed  controlled  by  manual 
adjustment  of  the  needle  valve  on  the  feed  cup.  Uniformity  was 
59356°— 22 3 
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insured  by  maintaining  a  flow  of  a  given  number  of  drops  per  minute, 
but  the  actual  rate  was  set  by  determining  the  time  required  to  run 
the  entire  charge  into  the  furnace  and  dividing  this  into  the  number 
of  cubic  centimeters  of  the  charge.  The  pressure  and  temperature 
conditions  were  maintained  at  predetermined  marks  by  suitable 
adjustment  of  the  needle-valve  gas  release  and  the  regulating  rheostat 
in  the  electric  circuit. 

After  all  the  oil  had  been  allowed  to  pass  into  the  furnace,  the 
"run"  was  completed  by  one  of  the  two  following  schemes.  If  the 
run  was  the  last  of  the  day,  the  furnace  was  allowed  to  stand  over- 
night, during  which  time  it  cooled  completely  and  all  liquid  products 
drained  into  the  receiving  cylinder.  The  pressure,  which  rarely  fell 
off  more  than  a  few  pounds  (chiefly  due  to  temperature  change), 
was  then  brought  to  atmospheric  by  opening  the  control  valve,  after 
which  the  receiving  cylinder  was  unscrewed  and  its  contents  removed 
for  examination  and  analysis. 

In  case  it  was  desired  to  make  another  run  without  cooling  the 
furnace,  the  pressure  was  released  very  slowly  so  that  all  condensible 
material  could  be  liquefied  as  it  passed  through  the  condenser.  The 
top  of  the  feed  cup  was  then  connected  with  a  gas  main  and  a  slow 
current  of  gas  run  through  the  system  for  at  least  half  an  hour.  This 
swept  all  the  gaseous  contents  of  the  furnace  out  through  the  con- 
denser and  gave  a  reasonable  length  of  time  for  drainage.  After  this 
the  receiving  cylinder  was  unscrewed  and  its  contents  removed. 

ANALYSIS    OF    PRODUCTS. 
GAS. 

The  gas  produced  was  run  through  a  calibrated  wet  meter  and  its 
volume  measured.  During  some  of  the  runs  a  Friedrichs  wash 
bottle  containing  "straw  oil"  was  connected  in  the  gas  line  between 
the  furnace  and  the  gas  meter.  The  efficiency  of  the  condenser  in 
removing  liquefiable  constituents  from  the  gas,  under  the  conditions 
maintained,  was  demonstrated  by  the  fact  that  the  wash  bottle 
showed  a  gain  in  weight  equivalent  to  only  about  0.5  per  cent  of  the 
total  quantity  of  oil  used. 

CARBON. 

In  the  present  series  of  experiments,  carbon  was  a  reaction  product 
that  could  not  be  studied  in  detail.  When  distillate  oils  were  used 
as  original  material,  the  amount  formed  was  so  small  that  it  could 
not  be  determined  satisfactorily  even  when  deposits  were  allowed  to 
accumulate  for  as  many  as  10  or  12  runs.  When  the  original  oil  was 
of  the  residuum  type,  the  carbon  deposit  was  so  heavy  as  to  indicate 
a  possibly  serious  difficulty  in  the  commercial  operation  of  the  crack- 
ing process.  Carbon  formation  is  reported  as  either  " positive"  or 
"negative." 
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CRACKED  OIL. 

The  cracked  oil  was  subjected  to  a  detailed  analysis,  the  following 
determinations  being  made:  Volume,  specific  gravity,  unsaturation, 
and  distillation  analysis  of  cracked  oil;  specific  gravity  and  unsatura- 
tion of  distillation  fractions. 

These  measurements  involved  methods  that  are  described  in  detail 
in  previous  publications  of  the  Bureau  of  Mines  or  are  generally 
known.  The  following  brief  description  and  discussion  is,  however, 
included  for  purposes  of  convenient  reference : 

SPECIFIC      GRAVITY. 

Specific  gravity  was  measured  with  a  Westphal  balance,  the  figures 
given  representing  the  ratio  of  the  densities  of  the  oil  and  pure  water 
at  a  temperature  of  15°  C. 

DEGREE    OF    UNSATURATION". 

Degree  of  unsaturation,  which  is  an  approximate  index  of  the  con- 
tent of  olefin  hydrocarbons,  is  expressed  as  the  percentage  that  can 
be  absorbed  by  treatment  with  an  excess  of  cold  concentrated  (94 
per  cent)  sulphuric  acid.  In  the  earlier  experiments  of  the  series, 
the  actual  measurements  made  were  the  Hanus  iodine  numbers. 
Later,  the  more  convenient  method  of  measuring  absorption  by  sul- 
phuric acid  was  substituted.  Both  of  these  methods  are  described 
in  Technical  Paper  181  of  the  Bureau  of  Mines  (reference  6),  which 
includes  data  on  which  is  based  the  transformation  ratio  used  in  cal- 
culating iodine  numbers  into  the  degree  of  unsaturation  values  gen- 
erally used  throughout  the  present  report.  It  has  been  recognized, 
of  course,  that  neither  iodine  numbers  nor  percentages  absorbed  by 
sulphuric  acid  measure  definitely  the  content  of  olefin  hydrocarbons 
and  the  figures  are  actually  more  or  less  empirical.  They  are,  how- 
ever, reasonably  satisfactory  for  comparative  purposes. 

DISTILLATION     ANALYSES. 

Distillation  analyses  were  made  with  the  Bureau  of  Mines  Hempel 
apparatus,  which  has  been  described  in  Bulletin  125  (reference  26). 
Results  are  expressed  in  terms  of  percentages  by  volume. 

TABULATION   OF   RESULTS   OF   EXPERIMENTS. 

The  results  of  all  experiments  of  the  present  series,  except  those 
represented  in  Tables  1  and  2  (see  pp.  21  and  22),  appear  in  Table  3 
(see  p.  23),  which  has  been  so  arranged  that  it  is  in  large  degree  self- 
explanatory,  but  it  is  so  long  and  represents  such  a  mass  of  data 
that  its  principal  value  is  for  reference.  Smaller  and  more  concise 
tables  have  been  prepared  by  selecting  from  it  figures  of  significance. 
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These  smaller  tables  are  those  to  which  reference  is  generally  made 
in  the  subsequent  discussion  of  various  results  of  the  cracking 
experiments. 

FACTORS    STUDIED. 

The  chief  object  of  the  present  series  of  experiments  was  to  show 
the  influence  upon  the  cracking  reaction  of  the  three  variables — 
temperature,  pressure,  and  rate  of  oil  feed.  Some  data  have  been 
obtained  concerning  the  effect  of  variations  in  the  physical  and 
chemical  properties  of  the  oil  itself,  but  a  comprehensive  study  of 
this  phase  of  the  problem  has  not  been  attempted.  The  indications 
obtained  probably  suffice  to  cover  most  of  the  types  of  oil  that  might 
be  of  importance  in  commercial  operations;  but  a  study  of  all  types 
of  petroleum  products  derived  from  the  numerous  crude  oils  produced 
in  this  country  would  be  too  extensive  in  scope  to  be  attempted  at 
present.  The  experiments  described  herein  have  also  thrown  light 
upon  the  mechanism  of  the  process  of  cracking  by  showing  that  the 
controlling  temperature  is  apparently  that  of  the  furnace  walls 
rather  than  that  of  the  oil  itself.  This  fact  supports  the  theory 
that  cracking  is  a  "contact  surface"  reaction. 

DISCUSSION  OF  RESULTS. 

Before  discussing  actual  results  of  the  experiments,  it  is  desirable 
to  comment  on  the  fact  that  gasoline  formation  is  rated  on  the  basis 
of  a  distillation  fraction  distilling  below  the  temperature  limit  of 
150°  C.  (302°  F.).  According  to  present  commercial  standards  of 
quality  for  gasoline,  it  would  be  justifiable  to  employ  a  limit  of  200° 
C.  (392°  F.),  but  this  introduces  a  complication  due  to  the  fact  that 
several  of  the  oils  cracked  contained  appreciable  percentages  of 
constituents  boiling  below  such  a  limit.  Inasmuch  as  the  present 
discussion  is  for  the  purposes  of  comparison,  there  seems  to  be  no 
objection  to  the  scheme  of  representing  gasoline  formation  by 
figures  that  are  considerably  smaller  than  the  ones  that  might  be 
employed  if  the  discussion  were  on  a  commercial  basis. 

RELATION    BETWEEN    THE    TEMPERATURE    OF    FURNACE    WALLS    AND 
THE   INTERIOR   OF   THE    FURNACE. 

The  temperature-measuring  device  first  employed  was  a  bare 
thermocouple  mounted  in  a  special  pressure-tight  insulating  plug 
screwed  into  the  bottom  of  the  furnace  tube,  with  the  hot  junction 
in  the  vertical  center  of  the  heated  zone.  Runs  were  made  to  deter- 
mine the  variation  of  the  degree  of  cracking  with  the  rate  of  feed, 
other  conditions — temperature,  pressure,  and  quality  of  oil — being 
constant.  The  results  obtained,  which  appear  in  Table  1,  were 
surprising,  as  they  seemed  to  indicate  that  the  degree  of  cracking 
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increased  with  the  rate  of  feed.  It  was,  of  course,  expected  that 
decreasing  the  rate  of  feed  and  consequently  increasing  the  time 
during  which  the  oil  was  exposed  to  the  temperature  maintained  in 
the  furnace  would  increase  the  degree  of  cracking,  as  evidenced  by 
the  percentage  of  gasoline  formed  and  the  percentage  of  loss  in  the 
recovery  of  cracked  oil.  The  figures  in  Table  1  show  the  order  of 
variation  in  a  direction  the  reverse  of  that  anticipated.  At  both 
500°  C.  and  550°  C.  the  degree  of  cracking  decreased  rather  than 
increased  as  the  rate  of  feed  decreased. 

Table  1. — Increase  of  degree  of  cracking  with  an  increased  rate  of  feed  when  a  Pennsyl- 
vania distillate  fuel  oil  is  cracked  at  the  same  apparent  temperature  (measured  with  a 
bare  interior  thermocouple)  and  the  same  pressure. 

part  l. 

[Temperature,  500°  C,  pressure,  150  pounds,  gage  reading.] 


Feed. 

Oil  recov- 
ered. 

Gasoline 
formation  .a 

Drops  per 

minute. 

180 

120 

90 

Per  cent. 
92 
92 
95 

Per  cent. 
3.5 
3.1 
1.6 

PART  2. 
[Temperature,  550°  C;  pressure,  150  pounds,  gage  reading.] 


Feed. 

Oil  recov- 
ered. 

Gasoline 
formations 

Drops  per 

minute. 

300 

120 

Per  cent. 
67 
86 

Per  cent. 
12.9 
6.0 

a  Taken  as  equivalent  to  the  150°  C  distillate  cut  calculated  on  the  hasis  of  oil  used. 

The  obvious  explanation  was  that  a  change  in  temperature  had 
been  introduced  that  was  not  indicated  by  the  readings  of  the  interior 
thermocouple.  It  was  recognized  that  maintaining  a  given  vapor 
temperature  at  a  high  rate  of  feed  involved  keeping  the  furnace  walls 
hotter  than  would  be  necessary  to  maintain  the  same  temperature  at 
a  lower  rate  of  feed.  As  the  degree  of  cracking  was  not  apparently 
varying  normally  when  results  were  compared  on  the  basis  of  interior 
temperature,  it  was  thought  desirable  to  try  measuring  the  wall  tem- 
peratures and  to  ascertain  the  approximate  difference  between  wall 
and  interior  temperatures  at  several  temperatures  and  rates  of  feed. 

Accordingly,  the  scheme  of  peening  couples  into  the  furnace  walls 
(see  pp.  15  and  16)  was  tried  and  found  highly  satisfactory  with 
regard  to  both  mechanical  considerations  and  ease  in  obtaining  accu- 
rate temperature  readings. 
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Experiments  represented  by  figures  recorded  in  Table  2  show  that 
the  gradient  between  furnace-wall  temperature  and  interior  temper- 
ature varies  appreciably  with  changes  in  the  rate  of  feed  of  the  oil. 
It  appears  also  that  this  gradient  is  affected  by  the  pressure  main- 
tained in  the  cracking  furnace. 

Table  2. — Relation  between  temperature  of  furnace  walls  measured  ivith  peened-in  couple 
and  temperature  of  vapor,  measured  with  inclosed  couple. 


Rate 

Pressure 

Temper- 

Temper- 

Differ- 

drops  per 

gage 

ature  of 

ature  of 

minute. 

reading. 

walls. 

interior. 

Pounds. 

°C. 

"C. 

°C. 

120 

0 

561 

557 

4 

240 

0 

561 

552 

9 

120 

150 

561 

554 

7 

240 

150 

561 

544 

17 
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Table  3. — Results  of  cracking  experiments  at  various  temperatures,  pressures,  andratei 
of  feed  with  several  types  of  petroleum  fuel  oils — Continued. 


Section*  H. 

Results  from 
cracking  a  Cali- 
fornia residuum 
fuel  oil. 


Section- I.  Resultsfrom 
cracking  a  California 
kerosene  distillate. 


Column  number. 


Temperature.  °  C  

Pressure,  pounds  per  square  inch  gage  reading 

Rate  of  feed: 

Approximate  c.  c.  of  oil  fed  per  minute 

Time  (in  minutes)  consumed  in  running  500  c.  c.  of  oil. 

Carbon  formation 

Cubic  feet  of  gas  formed  in  cracking  500  c.  c.  of  oil 

Cracked  oil: 

Percentage  recovery 

Specific  gravity 

Baum£  gravity 

Iodine  number 

"Degree  of  unsaturation" 

Fraction  distilling  below  150°  C.  (302°  F.): 

Percentaee 

Specific  gravity 

Baum6  gravity 


525 

1.50 


116 

+ 


0.889 
27.5 


14.3 

0.  755 

55.4 


90 


550 
150 

5 

106 

+ 


77 

0.890 

27.2 


18.5 

0.765 

53.0 


5.50 
150 


2 
250 


91 

0. 825 

39.6 


19.1 

0.778 

50.0 


560 
150 


4 
131 


92 

0.824 

40.0 


19.8 

0.773 

51.0 


575 
150 


4 
131 


79 
0.836 
37.5 


24.0 

0.780 

47.5 


Table  3. — Results  of  cracking  experiments  at  various  temperatures,  pressures,  and  rates 
of  feed  with  several  types  of  petroleum  fuel  oils. — Continued. 


Oil. 


Section  J.   Physical  properties  of  the  various  un- 
cracked  oils. 


Gravity. 


Percentage  distilling  below — 


Specific. 

Baum6. 

150°  C. 
(302°  F.) 

175"  C. 
(347°  F.) 

0.819 

40.9 

0.0 

0.5 

v875 

30.0 

.0 

.6 

.789 

47.4 

.0 

2.9 

.856 

33.8 

11.5 

17.5 

.874 

30.2 

.0 

2.3 

.834 

37.9 

.0 

.0 

.933 

20.0 

1.3 

— 

.831 

38.5 

4.5 

— 

200°  C. 
(392°  F.) 


A.  Gas  oil  or  fuel  oil  distillate  derived  from  Pennsyl- 
vania crude  petroleum 

B.  Mid-Continent  fuel-oil  residuum 

C.  Pennsylvania  kereosene  distillate  "topped"  to 
remove  "fractions  distilling  below  175°  C.  (347°  F.).. 

D.  Distillate  from  Humble  field  (Tex.)  crude  petro- 
leum   

E.  Oil  produced  by  "topping"  oil  D  to  200°  C. 
(392°  F.) 

G.  Heavy  fuel-oil  distillate 

H.  California  fuel-oil  residuum 

I.  California  kerosene  distillate 


1.7 
7.2 


20.9 
29.6 


12.2 
1.0 


A  detailed  discussion  of  the  effect  of  change  in  the  rate  of  feed  upon 
the  various  factors  indicating  the  degree  of  cracking  appears  on 
later  pages.  For  the  present  it  may  be  stated  that  when  compari- 
sons are  made  on  the  basis  of  equal  furnace-wall  temperatures  the 
degree  of  cracking  decreases  when  the  rate  of  feed  is  increased,  which 
is  the  reverse  of  what  was  discovered  when  comparisons  were  made 
on  the  basis  of  equal  interior  temperatures.  This  fact  has  been  ac- 
cepted by  the  authors  as  evidence  supporting  the  theory  that  cracking 
occurs  mainly  at  the  contact  surface  from  which  heat  is  supplied  to 
the  oil.  Present  results  do  not,  of  course,  prove  that  cracking  is 
purely  a  contact-surface  reaction,  but  they  indicate  that  the  temper- 
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ature  of  this  surface  is  of  greater  importance  than  the  temperature 
of  the  interior  of  the  furnace. 


EFFECT  OF  TEMPERATURE   PRESSURE  AND  RATE  OF  FEED  BEING 

CONSTANT. 

Table  4  shows  the  influence  of  temperature  upon  the  results  of  the 
cracking  reaction.  The  various  effects  are  discussed  in  the  following 
sections. 

Table  4. — Effect  of  changes  in  temperature  and  pressure  upon  cracking. 

[Figures  are  taken  from  Table  3,  section  A,  and  represent  experiments  with  a  gas-oil  or  fuel-oil  distillate 
derived  from  Pennsylvania  crude  petroleum.] 


Pressure. 

Atmospheric. 

50  pounds. 

100  pounds. 

150  pounds. 

200  pounds. 

Rate,  c.  c.  per  minute. 

5.5 

10 

5.5 

10 

5.5 

10 

5.  5 

10 

5. 5 

10 

Percentage  of  cracked  oil  re- 
covered at— 
550"  C 

90 
89 
88 
84 

0.814 
.808 
.810 
.809 

9.0 
9.0 
9.1 
11.1 

0.725 
.726 
.727 
.731 

42 
46 
46 
45 

0.90 

.82 
.76 
.69 

94 
92 
89 
88 

0.814 
.809 
.810 
.809 

7.2 
7.3 
9.0 
9.3 

0.733 
.727 
.726 
.727 

43 
46 

47 
48 

1.20 
.91 
.82 
.83 

90 
87 
81 
77 

0.805 
.805 
.805 
.805 

12.2 
15.1 
17.6 
17.1 

0.731 
.732 
.734 

.743 

42 
40 
40 
37 

1.22 
1.16 
.93 
.74 

89 
86 
82 
80 

0.803 
.803 
.804 
.804 

14.2 
15.5 
15.9 
18.4 

0.728 
.730 
.727 
.738 

43 
42 
44 
42 

1.29 
1.11 
.88 
.92 

90 
84 
76 
71 

0.803 
.806 
.809 

.814 

14.9 
17.2 
19.5 
20.9 

0.726 
.737 
.746 
.760 

39 
40 
36 
36 

1.49 
1.08 
.81 
.72 

91 
86 
80 
73 

0.801 
.801 
.802 
.807 

13.7 
16.9 
20.3 
22.0 

0.727 
.735 
.737 
.747 

40 
39 
39 
37 

1.52 
1.21 
1.01 
.82 

88 
76 
67 

60 

0.805 
.812 
.816 
.826 

15.7 
19.0 
20.9 
21.3 

0.738 
.741 
.766 
.771 

37 
35 
30 
30 

1.31 
.79 
.63 
.53 

91 
85 
76 
71 

0.803 
.801 
.802 
.807 

15.7 
20.1 
21.9 
24.4 

0.737 
.730 
.739 
.744 

35 
36 
35 
34 

1.74 
1.34 
.91 
.84 

84 
77 
68 
62 

0.808 
.807 
.822 
.833 

19.0 
21.8 
20.1 
22.6 

0.743 
.747 
.753 
.766 

35 
32 
32 

29 

1.19 
.95 
.63 
.53 

90 

560°  C 

82 

570*  C 

74 

580°  C 

67 

Specific  gravity  of  cracked  oil 
at— 
550°  C 

0.802 

560°  C 

.800 

570°  C 

.805 

580°  C 

.814 

Percentage  of  gasoline  formed 
on  basis  of  fraction  distilling 
below  1.50°  C  at— 

550°C 

560°  C 

570°  C 

16.8 
20.8 
23.0 

580°  C 

24.6 

Specific  gravity  of  fraction  dis- 
tilling below  150°  C  at— 
550°  C 

0.729 

560°  C 

.732 

570°  C 

.743 

580°  C 

.754 

Degree  of  unsaturation  effrac- 
tion distilling  below  150°  C 
at— 
550°  C 

34 

560°  C 

34 

570°  C 

33 

580°  C 

25 

Ratio  of  gasoline  formation  to 
recovery  loss  at — 
550°  C 

1.68 

560°  C 

1.15 

570°  C 

.89 

580°  C 

.75 

EFFECT    ON   PERCENTAGE   RECOVERY   OF   CRACKED    OIL. 

It  will  be  noted  that  the  percentage  recovery  of  cracked  oil  inva- 
riably decreases  as  temperature  increases.  The  significance  of  the 
rate  of  this  decrease  will  be  discussed  later,  but  at  present  it  is  im- 
portant to  note  the  magnitude  of  the  losses.  These  vary  between  6 
and  40  per  cent ;  for  conditions  that  produce  yields  of  gasoline  at  all 
satisfactory  for  commercial  operation,  the  losses  are  over  10  per  cent. 
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SPECIFIC   GRAVITY   OF   CRACKED   OIL. 

Conclusions  regarding  the  effect  of  temperature  upon  the  specific 
gravity  of  the  cracked  oil  are  not  particularly  definite  for  the  present 
series  of  experiments  but  tend  in  general  to  support  the  following 
theory : 

If  an  oil  is  cracked  at  the  minimum  temperature  capable  of  effect- 
ing conversion  its  specific  gravity  is  decreased.  If  the  cracking  tem- 
perature is  slightly  higher,  there  is  a  further  decrease  in  the  gravity 


81b 

810 

805 

800 

550 


560 
TEMPERATURE,  °  C. 


570 


Figuee  2.  Typical  curve  showing  the  effect  of  temperature  on  the  specific  gravity  of  the  cracked  oil.  The 
experiments  represented  were  made  with  oil  A,  a  Pennsylvania  gas  oil  or  fuel  oil  distillate  at  a  pressure 
of  200  pounds  per  square  inch  and  a  rate  of  feed  of  10  c.  c.  per  minute.  The  specific  gravity  of  the  un- 
cracked  oil  was  0.819. 

of  the  cracked  product.  With  additional  increases  in  temperature, 
however,  a  point  is  reached  which  gives  a  minimum  specific  gravity 
for  the  cracked  oil.  Beyond  this  mark  the  specific  gravity  increases 
with  increasing  temperature  and  may  ultimately  become  higher 
than  the  specific  gravity  of  the  original  uncracked  oil.  Figure  2 
is  a  typical  curve  illustrating  this  relation.  For  the  temperature 
range  covered  by  the  present  series  of  experiments,  comparatively 


32  PRODUCTION   OF   GASOLINE  BY   CRACKING  HEAVIER  OILS. 

few  figures  fall  on  the  descending  part  of  the  curve.     On  this  account, 
the  general  tendency  is  not  illustrated  very  accurately. 

The  obvious  explanation  of  this  tendency,  which  has  been  observed 
by  practically  all  operators  of  vapor-phase  gasoline  processes,  is 
that  cracking  forms  products  that  are  lighter  and  heavier  than  the 
original  oil.  At  lower  temperatures,  the  formation  of  light  products 
predominates;  at  higher  temperatures,  the  reverse  is  true. 

EFFECT  ON  PERCENTAGE   OF  GASOLINE   FORMED. 

It  will  be  noted  that,  practically  without  exception,  the  percentage 
of  gasoline  formed,  calculated  on  the  basis  of  oil  used,  increases  as  the 
temperature  increases.  This  fact  does  not,  however,  indicate  that 
high  temperatures  are  definitely  advantageous  for  the  cracking  re- 
action, aside  from  a  consideration  of  mechanical  difficulties.  The 
decreasing  percentage  of  cracked  oil  recovered  introduces  a  neutral- 
izing: disadvantage  which  is  discussed  later  in  the  section  devoted  to 
ratios  of  gasoline  formation  to  recovery  loss.  These  figures,  which 
have  been  found  useful  in  studying  the  relative  advantages  of  different 
sets  of  cracking  conditions,  are  those  obtained  by  dividing  the  per- 
centage yield  of  gasoline  by  the  percentage  of  loss  in  the  recovery  of 
cracked  oil.  High  figures  for  such  ratios  are  commercially  advan- 
tageous. 

EFFECT   ON  SPECIFIC   GRAVITY   OF  THE   GASOLINE   FRACTION. 

The  general  tendency  is  for  the  specific  gravity  of  the  gasoline 
fractions  to  increase  with  temperature  increases,  probably  on  account 
of  the  increase  in  the  formation  of  aromatic  hydrocarbons,  which  are 
notably  heavier  than  paraffins  and  olefins  of  the  same  boiling  range. 

EFFECT   ON  DEGREE   OF   TJNSATURATION   OF   THE   GASOLINE   FRACTION. 

The  present  figures  indicate  that  at  pressures  of  50  pounds  and  over 
the  degree  of  unsaturation  of  the  gasoline  fraction  tends  to  decrease 
as  temperature  increases.  The  range  of  variation  with  .temperature 
is  not,  however,  considerable.  The  decrease  in  unsaturation  is  un- 
doubtedly due  to  the  fact  that  at  higher  temperatures  the  formation 
of  hydrocarbons  of  other  chemical  series,  such  as  aromatics,  occurs 
at  the  expense  of  olefin  formation. 

EFFECT  ON  RATIOS  BETWEEN  GASOLINE   FORMATION  AND   LOSS  IN  THE 
RECOVERY  OF   CRACKED   OIL. 

One  of  the  important  considerations  affecting  the  commercial 
utility  of  the  cracking  reaction  is  the  consumption  or  waste  of  raw 
material  incident  to  the  operation  of  the  process.  The  present  data 
furnish  valuable  indications  regarding  this  factor,  even  though  the 
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experiments  do  not  approximate  commercial  operating  conditions 
very  closely. 

It  has  already  been  noted  that  whenever  gasoline  is  produced  by 
cracking  there  is  a  loss  in  the  recovery  of  liquid  products,  due  to  the 
formation  of  gas  and  carbon.  The  ratio  between  the  quantity  of 
gasoline  formed  and  this  loss,  which  has  already  been  mentioned  in 
connection  with  the  definition  of  the  ratio  of  gasoline  formation  to 
recovery  loss,  is  of  particular  importance,  as  it  furnishes  an  index  of 
the  minimum  possible  consumption  of  raw  material.  Thus,  if  there 
is  a  loss  in  recovery  of  20  per  cent  when  20  per  cent  of  gasoline  is 
formed,  it  follows  that  for  each  gallon  of  gasoline  formed  2  gallons  of 
original  oil  are  consumed.  For  example,  if  5  gallons  of  oil  were  run 
through  the  furnace,  1  gallon  of  gasoline  would  be  formed,  1  gallon 
of  oil  would  be  transformed  into  gas  and  carbon,  and  3  gallons  of 
residual  oil  would  be  obtained,  which  might  be  subjected  to  further 
cracking.  In  the  section  of  Table  4  labeled  ''Ratio  of  gasoline 
formation  to  recovery  loss"  are  figures  representing  such  ratios. 
These  figures  are  smaller  than  they  would  be  if  yields  of  commercial 
gasoline  were  represented  rather  than  those  of  the  academic  grade, 
which  is  equivalent  to  a  fraction  cut  at  the  upper  distillation  limit 
of  150°  C.  They  are,  however,  entirely  satisfactory  for  comparing  the 
advantages  of  various  sets  of  cracking  conditions. 

It  appears  that  the  ratios  invariably  decrease  with  increases  in 
temperature,  showing  that  operation  of  the  cracking  process  can  be 
effected  most  economically  as  regards  consumption  of  raw  material 
when  both  the  temperature  and  the  resultant  percentage  of  gasoline 
formed  are  low.  The  advantage  that  may  be  attained  by  proceed- 
ing to  an  extreme  in  this  direction  is,  however,  neutralized  by  the 
relatively  high  cost  of  plant  operation  per  unit  quantity  of  gasoline 
produced.  There  is  undoubtedly  an  optimum  set  of  conditions  for 
commercial  operation  which  balances  the  factors  of  cost  of  operation, 
consumption  of  original  oil,  and  deterioration  of  equipment.  This 
optimum  must  be  determined  for  each  process  and  each  set  of  condi- 
tions under  which  a  process  operates.  It  is  conceivable,  for  instance, 
that  in  localities  where  oil  gas  is  in  demand  it  might  be  desirable  to 
operate  a  cracking  process  for  as  high  a  yield  of  gasoline  as  could  be 
obtained  without  excessive  carbon  trouble  and  deterioration  of 
furnace  equipment. 

EFFECT     OF     PRESSURE,     TEMPERATURE     AND     RATE     OF     FEED     BEING 

CONSTANT. 

The  effect  of  pressure  on  the  various  results  of  cracking  is  shown 
in  Table  4  (see  p.  30)  and  discussed  in  the  following  sections. 
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EFFECT  ON  PERCENTAGE  RECOVERY  OF  CRACKED  OIL. 

The  percentage  of  cracked  oil  recovered  generally  tends  to  decrease 
as  the  pressure  under  which  cracking  occurs  is  increased. 

EFFECT  ON  SPECIFIC  GRAVITY  OF  CRACKED  OIL. 

Increases  in  pressure  from  atmospheric  to  50  or  100  pounds  gage 
reading  tend  to  decrease  the  specific  gravity  of  the  cracked  oil. 
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Figure  3.  Typical  curve  showing  the  effect  of  pressure  on  the  specific  gravity  of  the  cracked  oil.  The 
experimentsrepresented  were  made  with  oil  A,  a  Pennsylvania  gas-oil  or  fuel-oil  distillate  at  a  tempera- 
ture of  570°  C  and  a  rate  of  feed  of  5.5  c.  c.  per  minute.  The  specific  gravity  of  the  uncracked  oil  was 
0.819. 

Increases  in  pressure  from  50  or  100  pounds  to  200  pounds  increase  the 
gravity  of  the  cracked  oil.  The  tendency  is  similar  to  that  noted  for 
the  effect  of  temperature,  and  the  range  of  conditions  in  these  experi- 
ments happens  to  he  such  that  decreases  as  well  as  increases  can  be 
observed.  The  general  tendency  is  illustrated  by  a  typical  curve, 
shown  in  figure  3. 
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EFFECT   ON  PERCENTAGE   OF   GASOLINE   FORMED. 

The  percentage  of  gasoline  formed  generally  increases  with  increase 
in  pressure. 

EFFECT  ON  SPECIFIC  GRAVITY  OF  THE  GASOLINE  FRACTION. 

The  specific  gravity  of  the  gasoline  fraction  tends  in  general  to 
increase  as  pressure  increases,  the  only  consistent  variation  from  this 
rule  being  for  runs  at  different  pressures  at  550°  C,  which  is  the  lowest 
temperature  used  in  the  present  series  of  experiments.  This  result 
is  in  agreement  with  previously  obtained  experimental  indications 
that  pressure  favors  the  production  of  aromatic  hydrocarbons  of 
relatively  high  specific  gravity. 

EFFECT   ON  DEGREE  OF   UNSATURATION   OF   THE    GASOLINE   FRACTION. 

The  degree  of  unsaturation  of  the  gasoline  fraction  tends  to  decrease 
as  pressure  increases. 

EFFECT  ON  RATIOS  OF  GASOLINE  FORMATION  TO  RECOVERY  LOSS. 

For  the  several  series  of  figures  previously  considered  the  effect  of 
increased  pressure  has  been  similar  to  the  effect  of  increased  tem- 
perature. A  notable  variation  will,  however,  be  observed  for  the 
ratios  of  gasoline  formation  to  recovery  loss  labeled  "Ratio  of  gaso- 
line formation  to  recovery  loss."  Examination  of  the  figures  in  that 
section  of  Table  4  shows  that  as  pressure  increases  the  ratios  increase 
to  a  maximum  and  then  fall  off.  The  pressure  favorable  for  the 
maximum  ratios  varies  between  the  limits  of  50  and  150  pounds, 
depending  upon  the  temperature.  It  will  be  recalled  that  for  in- 
creases in  temperature  there  was  a  consistent  decrease  in  the  ratios 
of  gasoline  formation  to  recovery  loss. 

EFFECT  OF  RATE  OF  FEED,   TEMPERATURE  AND  PRESSURE   BEING   CON- 
STANT. 
EFFECT   ON  PERCENTAGE   RECOVERY  OF   CRACKED   OIL. 

The  figures  presented  in  Table  5  indicate  that  increasing  the  rate 
of  feed  of  the  oil,  which  is  equivalent  to  shortening  the  time  during 
which  the  reaction  is  allowed  to  occur,  increases  the  percentages  of 
cracked  oil  that  is  recovered.  In  other  words,  the  degree  of  cracking 
varies  with  the  time  during  which  it  is  permitted  to  occur. 

EFFECT  ON  SPECIFIC  GRAVITY  OF  THE  RECOVERED  OIL. 

Table  5  shows  that  the  general  tendency  is  for  the  specific  gravity 
of  the  recovered  oil  to  decrease  as  the  rate  of  feed  increases.  The 
exceptions  to  this  rule  are  for  cases  when  the  degree  of  cracking  was 
so  slight  that  the  recovered  oil  had  not  attained  or  passed  the  mini- 
mum specific  gravity  discussed  in  an  earlier  section.  (See  pages  31 
and  34.)  These  results  also  indicate  that  the  degree  of  cracking 
varies  with  the  time  during  which  the  oil  is  exposed  to  the  action  of 
the  furnace. 
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EFFECT   ON  PERCENTAGE   OF   GASOLINE   FORMED. 

The  effect  of  changing  the  rate  of  feed  is  not  definitely  marked  as 
regards  the  percentage  of  gasoline  formed.  The  comparative  data 
in  Table  5  show  increases  and  decreases  in  about  equal  number  and 
with  about  the  same  degree  of  difference.  The  main  fact  to  be  noted 
is  that  the  variations  are  not  considerable. 

EFFECT   ON   SPECIFIC   GRAVITY  OF   THE   GASOLINE   FRACTION. 

Increasing  the  rate  of  feed  tends  to  decrease  the  specific  gravity 
of  the  gasoline  fraction  when  the  degree  of  cracking  is  considerable. 
In  experiments  when  the  quantity  of  gasoline  formed  was  small  the 
reverse  tendency  may  be  noted,  but  variations  in  this  direction  are 
slight,  often  no  greater  than  might  be  introduced  through  exper- 
imental errors  in  the  determination  of  specific  gravity. 

EFFECT   ON  DEGREE   OF  UNSATURATION  OF   THE   GASOLINE   FRACTION. 

The  degree  of  unsaturation  of  the  gasoline  fraction  tends  to  in- 
crease as  the  rate  of  feed  is  increased. 

EFFECT    ON   RATIOS    OF    GASOLINE    FORMATION   TO    RECOVERY  LOSS. 

It  is  obvious  that  with  pressure  constant,  a  given  percentage  of 
gasoline  can  be  formed  by  cracking  under  either  of  the  following  sets 
of  conditions :  Relatively  low  temperature  and  slow  rate  of  feed,  or, 
relatively  higher  temperature  and  more  rapid  feed.  It  might  seem 
that  as  carbon  and  fixed  gases  are  the  ultimate  products  of  high- 
temperature  cracking,  the  second  set  of  conditions  would  involve  a 
greater  loss  in  recovery  than  the  first.  The  figures  for  ratios  of  gas- 
oline formation  to  loss  in  recovery,  appearing  in  the  bottom  section 
of  Table  5,  show  that  in  the  majority  of  the  runs  the  reverse  is  true. 
Gasoline  can  seemingly  be  produced  more  economically  by  main- 
taining a  high  furnace  temperature  and  a  high  rate  of  feed  than 
by  using  lower  temperatures  and  rates.  This  fact  is  of  unqualified 
advantage,  as  both  economy  in  oil  consumption  and  high  through- 
put are  commercially  desirable. 

EFFECT  OF  CHARACTER  OF  THE  OIL  CRACKED. 

The  object  of  the  present  investigation  is  to  indicate  general  prin- 
ciples governing  cracking  rather  than  to  give  detailed  information 
concerning  the  behavior  of  all  the  different  types  of  oil  that  might  be 
used  commercially  for  this  purpose.  It  has  seemed  advisable,  how- 
ever, to  include  data  showing  the  general  nature  of  the  differences 
in  behavior  of  certain  types  of  oil  and  to  indicate  the  probability  of 
commercial  success  in  cracking  them  on  a  large  scale. 
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MID-CONTINENT   RESIDTTTTM   OILS. 

A  common  type  of  refinery  in  the  fields  producing  crude  not  par- 
ticularly adapted  to  the  production  of  lubricants  is  the  so-called 
''skimming"  or  ''topping"  plant,  which  separates  gasoline  and 
sometimes  kerosene  from  the  crude  petroleum,  and  markets  the 
balance  of  the  oil  as  a  ''residuum"  fuel  oil.  This  residuum  fuel  oil 
is  a  rather  plentiful  product  and  it  seemed  desirable  to  ascertain  its 
suitability  for  transformation  into  gasoline  by  the  cracking  process. 

Section  B  of  Table  3  (see  p.  26)  shows  the  results  of  experiments 
with  oil  B,  a  Mid-Continent  fuel-oil  residuum.  It  will  be  noted  that 
carbon  formation  was  reported  as  positive  for  each  run.  The  quanti- 
ties deposited  were  not  determined,  but  were  sufficient  to  indicate 
that  carbon  formation  would  undoubtedly  be  a  source  of  serious 
trouble  in  a  commercial  plant.  The  figures  for  percentage  recovery 
of  cracked  oil  and  volume  of  gas  formed  indicate  the  same  phenome- 
non noted  for  oil  A  (Pennsylvania  gas-oil  distillate),  that  is,  the  per- 
centage loss  in  recovery  of  cracked  oil  is  approximately  the  same  as 
the  volume  of  gas  produced  from  500  c.  c.  of  oil,  measured  in  tenths 
of  a  cubic  foot.  This  relation  holds  in  spite  of  the  fact  that  an  appre- 
ciable proportion  of  the  oil  was  transformed  into  carbon,  whereas 
with  the  distillate  oil  practically  no  carbon  formation  was  detected. 

Table  6. — Results  of  cracking  oil  A,  a  Pennsylvania  gas-oil,  or  fuel-oil  distillate,  and 
oil  B,  a  Mid- Continent  residuum  fuel  oil,  under  like  conditions. 


Pres- 
sure, 

Specific  grav- 

Percentage 

gasoline  on 

basis  of  150° 

C  cut. 

Specific  grav- 

Degree of 
unsatura- 

Ratio  of 
gasoline  for- 

pounds 

per 
square 

inch 

Rate, 

Recovery. 

ity  of 

recov- 

ity  of  gaso- 

tion of  gas- 

mation to 

Tem- 

c. c. 

ered  oil. 

line  fraction. 

oline  frac- 

recovery 

pera- 
ture. 

per 

min- 
ute. 

tion. 

loss. 

gaee 

reading. 

Oil  A. 

OilB. 

Oil  A. 

OilB. 

Oil  A. 

OilB. 

Oil  A. 

OilB. 

Oil  A. 

OilB. 

Oil  A. 

OilB. 

T 

Pet. 

P.ct. 

550 

Atm. 

5.5 

90 

92 

0.814 

0.858 

9.0 

6.8 

0.725 

0.734 

42 

37 

0.90 

0.85 

550 

150 

5.5 

88 

85 

.805 

.S40 

15.7 

12.2 

.738 

.732 

37 

31 

1.31 

.81 

560 

Atm. 

5.5 

89 

92 

.808 

.854 

9.0 

7.8 

.726 

.734 

46 

39 

.82 

.97 

560 

50 

10.0 

86 

86 

.803 

.848 

15.6 

13.9 

.730 

.738 

42 

39 

1.11 

.99 

560 

50 

5.5 

87 

87 

.805 

.848     15.1 

11.9 

.732 

.738 

40 

37 

1.16 

.92 

560 

100 

5.5 

84 

81 

.806 

.849 

17.2 

15.3 

.737 

.744 

40 

32 

1.08 

.81 

560 

150 

10.0 

85 

83 

.801 

.843 

20.1 

17.5 

.730 

.740 

36 

35 

1.34 

1.03 

560 

150 

5.5 

76 

79 

.812 

.845 

19.0 

17.4 

.741 

.740 

35 

31 

.79 

.83 

560 

150 

3.0 

78 

74 

.810 

.856 

19.8 

18.4 

.752 

.760 

34 

37 

.90 

.71 

560 

200 

5.5 

77 

80 

.807 

.845 

21.8 

14.0 

.747 

.740 

32 

33 

.95 

.70 

570 

150 

5.5 

67 

76 

.816 

.846 

20.9 

18.7 

.766 

.745 

32 

31 

.63 

.78 

580 

50 

10.0 

80 

81 

.804 

.846 

1^.4 

16.0 

.738 

.740 

42 

37 

.92 

.84 

580 

50 

5.5 

77 

78 

.805 

.849 

17.1 

16.5 

.743 

.748 

37 

39 

.74 

.75 

580 

100 

5.5 

71 

67 

.814 

.858 

20.9 

18.9 

.760 

.759 

36 

31 

.72 

.57 

530 

150 

10.0 

71 

69 

.807 

.853 

24.4 

19.8 

.74-1 

.755 

34 

34 

.84 

.64 

580 

150 

5.5 

60 

68 

.826 

.859 

21.3 

19.8 

.771 

.759 

30 

30 

.53 

.62 

Comparative  figures  for  the  results  of  cracking  the  two  typical  oils 
(oil  A,  Pennsylvania  gas-oil  distillate  and  oil  B,  Mid-Continent  re- 
siduum) under  like  conditions  appear  in  Table  6  and  are  represented 
graphically  in  figure  4.  It  is  to  be  noted  that  the  percentages  of 
cracked  oil  recovered  are  of  the  same  order  but  generally  a  little 
lower  for  the  residuum  product.     The  specific  gravities  of  the  cracked 
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Figure  4.  Comparative  results  of  cracking  oil  A,  Pennsylvania  gas  oil  or  fuel  oil  distillate,  and  oil  B,  Mid- 
Continent  residuum  fuel  oil.  Data  are  represented  graphically  in  ascending  order  of  magnitude  of  figures  for 
oil  A,  the  order  differin?  in  various  parts  of  the  figure.  Abscissas  represent  similar  tests  for  the  two  oils. 
Comparisons  are  as  follows:  1.  recovery  of  cracked  oils:  2.  specific  gravity  of  cracked  oils;  3,  gasoline  for- 
mation; 4,  specific  gravitv  of  gasoline  fraction;  5,  "degree  cf  unsaturation  "  of  gasoline  fraction;  6,  recovery  loss. 
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oils  derived  from  the  residuum  are  notably  lower  than  those  from  the 
gas-oil  distillate,  which  was  to  be  expected  because  the  residuum 
had  a  greater  specific  gravity  than  the  distillate.  The  percentages 
of  gasoline  formed  are  of  the  same  order  but  generally  two  to  three 
per  cent  lower  for  the  residuum  oil.  The  specific  gravities  and  degrees 
of  unsaturation  of  the  gasoline  fractions  vary  irregularly,  but  in  gen- 
eral the  gasoline  derived  from  the  residuum  oil  seems  to  have  a  higher 
specific  gravity  and  a  lower  degree  of  unsaturation  than  the  gasoline 
produced  under  like  conditions  from  the  Pennsylvania  distillate. 

The  most  important  comparison,  next  to  the  factor  of  carbon, 
formation,  concerns  the  ratios  of  gasoline  formation  to  recovery  loss. 
The  Pennsylvania  distillate  shows  higher  and  more  favorable  ratios 
in  11  out  of  16  cases  where  comparison  can  be  made. 

To  summarize,  it  may  be  stated  that  the  mid-Continent  residuum 
is  obviously  inferior  to  the  Pennsylvania  gas-oil  distillate  as  raw  ma- 
terial for  cracking  operations  of  this  kind.  The  inferiority  is,  how- 
ever, believed  to  be  due  to  the  fact  that  the  former  oil  contains  high 
boiling  constituents  and  an  appreciable  content  of  pitchy  or  asphaltic 
material  rather  than  to  a  difference  in  the  behavior  of  the  hydro- 
carbons of  different  chemical  series  occurring  in  the  two  types  of  oil. 

PARAFFIN  BASE   OILS   OF  DIFFERENT   VOLATILITY   RANGE. 

Under  commercial  conditions  that  have  existed  in  the  past  and 
may  or  may  not  exist  in  the  future,  kerosene  distillates  have  been 
almost  as  eligible  raw  material  for  cracking  operations  as  the  heavier 
fractions  generally  marketed  as  gas  oil  or  fuel  oil.  Tests  were  made, 
therefore,  to  ascertain  whether  or  not  a  Pennsylvania  kerosene  dis- 
tillate could  be  cracked  as  successfully  as  the  gas-oil  distillate,  oil  A 
In  this  connection,  it  may  be  noted  that,  on  account  of  their  rela- 
tively high  vapor  pressure,  kerosene  distillates  are  not  generally  con- 
sidered desirable  for  the  more  common  types  of  pressure-distillation 
cracking  processes. 

Data  of  the  experiments  with  distillate  appear  in  section  C  of 
Table  3  (see  p.  27)  and  in  Table  7;  in  the  latter  table  are  shown 
also  figures  for  experiments  with  oil  A  under  like  conditions.  The 
kerosene  distillate,  oil  C,  had  been  redistilled  to  remove  naphtha 
fractions  so  that  the  yields  of  gasoline  actually  represent  products  of 
cracking  and  do  not  include  low-boiling  material  in  the  original  oil. 
Oil  A  gave  lower  percentages  of  recovery,  cracked  oils  of  proportion- 
ately greater  specific  gravity,  and  a  fraction  of  1  per  cent  more  gaso- 
line than  did  oil  C.  The  gasoline  fractions  obtained  from  oil  A  were  of 
higher  specific  gravity  (lower  B.  gravity)  and  were  more  highly  un- 
saturated. The  ratios  of  gasoline  formation  to  recovery  loss  are 
more  favorable  for  the  topped  kerosene  than  for  the  heavier  gas-oil 
distillate. 
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Table  7. — Results  of  cracking,  under  like  conditions,  oil  A,  Pennsylvania  gas-oil  or 
fuel-oil  distillate,  and  oil  C,  Pennsylvania  kerosene  distillate  "topped"  to  200°  C.  to 
remove  naphtha  fractions. 


Tem- 
pera- 

Pres- 
sure, 
sq. 
in., 

Rate, 
c.  c. 
per 

Specific  grav- 
Recovery.     ity  of  recov- 
ered oil. 

Percentage 
of  gasoline 
on  basis  of 
150°  C.  cut. 

Specific  grav- 
ity of  gasoiine 
fraction. 

Degree  of       f^ot 
line  fraction,  !  to  recovery 

ture. 

gage 
read- 

min- 
ute. 

ing. 

Oil  A. 

Oil  C. 

Oil  A. 

Oil  C. 

Oil  A. 

Oil  C. 

Oil  A. 

one. 

Oil  A 

Oil  c. 

Oil  A. 

OilC. 

°C 

Lbs. 

P.ct. 

P.ct. 

P.ct. 

P.ct 

560 

100 

5.5 

84 

85 

0.806 

ii.  785 

17.  2 

16.9 

0.737 

0.731 

40 

35 

1.08 

1.12 

560 

150 

5.5 

76 

83 

.812 

.783 

19.  0 

16.6 

.741 

.731 

35 

29 

.79 

.97 

570 

50 

5.5 

81 

85 

.805 

.782 

17.6 

16.  7 

.734 

.730 

40 

34 

.93 

1.  11 

570 

100 

5.5 

76 

77 

.809 

.787 

19.5 

19.  1 

.740 

.736 

36 

39 

.81 

.83 

570 

150 

5.5 

67 

78 

.816 

.7s; 

20.  9 

19.0 

.766 

.738 

30 

30 

.63 

.86 

580 

100 

5.5 

71 

75 

.814 

.782 

20.9 

18.8 

.760 

.735 

36 

36 

.72 

.  to 

580 

150 

5.5 

60 

71 

.826 

.792 

21.3 

19.6 

.771 

.749 

30 

28 

.53 

.68 

The  general  conclusion  is  that  the  two  types  of  products  are  about 
equally  suitable  as  raw  material  for  commercial  phase  cracking 
processes.  The  gas  oil  is  slightly  easier  to  transform  but  not  quite 
as  economical  as  to  losses  in  recovery. 

COMPARISON   OF   PARAFFIN  AND   NAPHTHENE  BASE   OILS. 

Table  8  shows  some  interesting  comparative  results  of  the  cracking 
of  two  distillate  oils  derived  from  different  types  of  crude  petroleum. 
Oil  A  is  Pennsylvania  gas-oil  distillate ;  oil  E  is  a  distillate  derived  from 
so-called  naphthene-base  crude  oil  produced  in  the  Humble  field,  Tex. 
It  will  be  noted  that  with  equivalent  cracking  conditions  the  Penn- 
sylvania oil  was  cracked  more  than  the  Humble  product;  also  the 
percentages  of  oil  recovered  were  lower,  the  percentages  of  gasoline 
formed  higher,  and  the  ratios  of  gasoline  formation  to  recovery  loss 
lower  for  the  Pennsylvania  oil.  It  may  be  noted,  however,  when  the 
results  of  runs  with  the  Pennsylvania  oil  are  compared  with  those 
of  the  Humble  oil  at  about  20°  C.  higher  temperature,  that  the 
results  are  more  nearly  equivalent.  Probably  the  Humble  oil  is 
about  as  useful  a  product  for  cracking  as  the  Pennsylvania  and  simply 
requires  different  conditions  of  treatment,  but  both  the  cracked  oil 
and  the  gasoline  fractions  from  the  Humble  product  are  notably 
heavier  than  the  corresponding  derivatives  from  the  Pennsylvania 
oil.  This  difference  in  gravities  of  the  cracked  oils  was  to  have  been 
expected,  as  similar  results  have  been  observed  in  the  comparisons 
of  oils  A,  B,  and  C.  The  high  specific  gravity  (low  B.  gravity)  of  the 
gasoline  fraction  derived  from  the  Humble  field  oil  indicates  that 
the  properties  of  the  original  oil  as  well  as  the  cracking  conditions 
affect  the  physical  and  chemical  properties  of  the  low-boiling  products 
of  cracking. 
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Table  8. — Results  of  cracking  oil  A,  Pennsylvania  gas-oil  or  fuel-oil  distillate,  and 
oil  E,  distillate  from  crude  oil  produced  in  the  Humble  field,  Tex. 

A. — RESULTS    UNDER    LIKE    CONDITIONS    OF   CRACKING. 


Tempera- 
ture. 

Pres- 
sure, 

gage 
read- 

Rate 
c.  c. 
per 

min- 

Recovery. 

Specific 

gravity  of 

recovered  oil. 

Production 
of  gasoline 
on  basis  of 
150°  C.  cut. 

Specific 

gravity  of 

gasoline 

fraction. 

Ratio  of 

gasoline 

formation 

to  recovery 

loss. 

ing. 

Oil  A. 

OilE. 

Oil  A. 

OilE. 

Oil  A. 

OilE. 

Oil  A. 

OilE. 

Oil  A. 

OilE. 

Oil  A. 

OilE. 

°C. 

°C. 

Lbs. 

P.ct. 

P.ct. 

p.  a. 

P.  ct. 

560 

560 

150 

5.5 

90 

90 

0.812 

0.862 

19.0 

9.6 

0.741 

0.776 

0.79 

0.96 

570 

570 

150 

5.5 

67         90 

.816 

.  864 

20.9 

12.  1 

.766 

.779 

.63 

1.21 

580 

580 

150 

10.0 

71         88 

.807 

.868 

24.4 

13.5 

.744 

.7s  I 

.84 

1.12 

5S0 

580 

150 

5.5 

60         84 

.826 

.868 

21.3 

15.6 

.771 

.785 

.53 

.97 

B. RESULTS    WHEN   OIL   E   IS   CRACKED    AT  A  TEMPERATURE    20 

A,   WITH    OTHER    CONDITIONS    IDENTICAL. 


C.    HIGHER    THAN    OIL 


560 

580 

150 

5.5 

90 

84 

0.  SI  2 

0.868 

19.0 

15.6 

0.741 

0.7S5 

0.79 

0.97 

570 

590 

150 

5.5 

67 

76 

.816 

.891 

20.9 

17.1 

.766 

.811 

.63 

.71 

580 

600 

150 

10.0 

71 

76 

.807 

.877 

24.4 

19.1 

.744 

.S05 

.84 

.80 

580 

600 

150 

5.5 

60 

73 

.826 

.888 

21.3 

19.4 

.771 

.800 

.53 

.72 

OIL   CONTAINING  LOW-BOILING   (NAPHTHA)   FRACTIONS. 

Kerosene  distillates  practically  always  contain  certain  percentages 
of  constituents  boiling  below  the  commonly  accepted  upper  distilla- 
tion limit  for  gasoline.  The  previously  discussed  experiments  in 
the  present  series  were  made  with  kerosene  distillate  that  had  been 
"topped"  to  remove  this  naphtha  fraction.  In  experimental  com- 
mercial cracking  operations  it  is  a  common  practice  to  crack  kero- 
sene distillate  containing  naphtha  fractions.  Experiments  to  ascer- 
tain whether  this  is  advantageous  seemed  desirable.  Table  9  shows 
results  obtained  by  cracking  oil  D,  a  so-called  naphthene-base  dis- 
tillate oil  (from  Humble  crude)  containing  11.5  per  cent  of  constitu- 
ents distilling  below  150°  C,  as  compared  with  results  obtained  by 
cracking  the  same  oil  topped  to  remove  all  fractions  distilling  below 
200°  C.  This  is  designated  as  oil  E.  The  results  show  no  important 
differences  in  percentages  of  cracked  oil  recovered,  and  specific  gravi- 
ties of  both  cracked  oils  and  gasoline  fractions.  The  yields  of  gaso- 
line from  the  untopped  oil  appear  considerably  greater  than  those 
from  the  topped  distillate  and  the  ratios  of  gasoline  formation  to 
recovery  loss  ratios  are  higher.  That  the  actual  results  are  not 
favorable,  however,  is  shown  by  the  comparison  noted  when  the 
yields  from  the  topped  oil  are  corrected  by  subtracting  the  quantity 
of  naphtha  (11.5  per  cent)  present  in  the  original  oil.  On  this  basis, 
both  the  yields  of  gasoline  and  the  ratios  of  gasoline  formation  to 
recovery  loss  are  decidedly  less  favorable  than  those  in  the  experi- 
ments with  the  topped  oil.     This  result  could  have  been  predicted 
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from  theoretical  considerations.  The  temperatures  maintained  to 
bring  about  cracking  are  undoubtedly  always  higher  than  those  at 
winch  the  low-boiling  cracked  products  are  stable,  which  means  that 
in  addition  to  cracking,  which  converts  high-boiling  hydrocarbons 
into  low-boiling  hydrocarbons  (gasoline  or  naphtha),  there  is  an 
appreciable  transformation  of  low-boiling  hydrocarbons  (gasoline 
or  naphtha)  into  products  of  which  a  considerable  proportion  are 
permanent  gases.  This  latter  type  of  cracking  is  seemingly  bound  to 
occur  in  some  degree  when  the  original  oil  contains  no  naphtha, 
through  recracking  of  volatile  products  after  formation  and  before 
escape  from  the  furnace,  but  is  undoubtedly  more  extensive  when 
naphtha  is  present  in  the  oil  that  enters  the  heated  zone. 

Table  9. — Results  of  cracking  under  like  conditions  the  same  oil  (derived  from  Texas  Hum- 
ble crude)  before  and  after  topping  to  remove  naphtha  fractions. 

[Oil  D  contained  11.5  per  cent  of  material  boiling  below  150°  C  and  the  net  results  have  been  calculated  by 

making  this  deduction.  ] 


Specific 

gravity  of 

recovered 

oil. 

Percentage  of 

Specific 

Ratio  of  gasoline 

Recovery. 

gasoline  on  basis 

gravity  of 

formation  to 

Tem- 

sure, 

c.  c. 

of  150°  C  cut. 

gasoline. 

recovery  loss. 

pera- 

gage 
read- 
ing. 

per 

ute. 

Oil 
D. 

Oil 
E. 

Oil 
D. 

Oil 

E. 

Oil  IX 

Oil 

E. 

Oil 
D. 

Oil 
E. 

OilD. 

Oil 

E. 

°  C. 

Lbs. 

P.  ct. 

P.ct. 

Gross. 

Net. 

Gross. 

Net. 

560 

150 

5.5 

90 

90 

0.857 

0.802 

17.9 

6.4 

9.6 

0.788 

0.776 

1.79 

0.64 

0.96 

570 

150 

5.5 

87 

90 

.863 

.864 

19.4 

7.9 

12.1 

.767 

.779 

1.49 

.61 

1.21 

580 

150 

5.5 

84 

84 

.866 

.868 

22.3 

10.8 

15.6 

.788 

.785 

1.39 

.68 

.97 

590 

150 

5.5 

79 

76 

.867 

.891 

23.8 

12.3 

17.1 

.798 

.811 

1.13 

.59 

.71 

600 

150 

5.5 

73 

73 

.868 

.888 

23.3 

11.8 

19.4 

.7% 

.800 

.86 

.43 

.72 

The  obvious  conclusion  is  that  the  common  practice  of  cracking 
oils  containing  naphtha  fractions  is  uneconomical.  A  more  efficient 
procedure  would  be  to  separate  the  naphtha  in  a  reducing  or  topping 
still  so  that  it  could  be  added  to  the  cracked  gasoline  after  the  latter 
had  been  separated  from  the  cracked  oil  by  a  primary  distillation. 
The  combined  fractions  can  be  refined  and  steam  distilled  and  a  total 
yield  of  gasoline  obtained  which  is  bound  to  be  considerably  greater 
than  would  be  possible  if  distillate  containing  naphtha  were  run  direct 
to  the  cracking  furnace. 

COMPARISON    OF    A    FRESH    OIL    AND    OF    THE    RESIDUUM    FROM    THE    SAME    OIL 
AFTER  IT   HAS  BEEN   CRACKED. 

Section  G  of  Table  3  shows  the  results  of  cracking,  under  identical 
conditions,  a  Pennsylvania  gas-oil  distillate  and  the  residuum  ob- 
tained by  distilling  the  gasoline  from  the  cracked  product  resulting 
from  running  the  fresh  oil.  The  results  with  the  residuum  are  less 
favorable  than  those  with  the  fresh  oil,  both  as  to  the  percentage  of 
cracked  oil  recovered  and   the  percentage  of  gasoline  formed.     A 
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larger  percentage  of  carbon  was  undoubtedly  deposited  from  the 
cracked  residuum  than  from  the  fresh  oil,  although  no  actual  deter- 
mination other  than  qualitative  observation  was  made. 

RESULTS   OF   CRACKING   MISCELLANEOUS   OILS. 

In  addition  to  the  experiments  already  discussed,  several  miscel- 
laneous oils  were  cracked  in  a  furnace  differing  slightly  in  construc- 
tion from  the  one  described.  The  temperatures  recorded  were  meas- 
ured with  an  interior  thermocouple  and  are  probably  from  10  to  20° 
C.  lower  than  the  temperatures  of  the  furnace  tube,  which  were 
measured  in  the  other  experiments.  The  results  appear  in  sections 
F  to  I  of  Table  3  (see  p.  28) ;  and,  although  not  strictly  comparable 
to  those  of  the  preceding  sections  of  that  table,  show  that  the  per- 
centages of  gasoline  formed  for*  any  given  degree  of  cracking  (as  in- 
dicated by  the  percentage  loss  in  recovery)  do  not  differ  notably. 
The  oils  studied  included  a  gas-oil  distillate  of  higher  average  boiling 
point  and  lower  specific  gravity  than  oil  A,  a  California  kerosene  dis- 
tillate, and  a  California  residuum  fuel  oil.  Both  of  the  distillates 
proved  favorable  material  for  cracking.  The  heavy  gas  oil  gave 
results  similar  to  those  with  oil  A.  The  results  from  the  California 
kerosene  distillate  seemed  particularly  favorable  on  casual  examina- 
tion, but  when  corrected  by  deducting  the  percentage  of  naphtha 
contained  in  the  original  oil,  were  of  the  order  of  those  obtained  with 
oil  A.  The  California  residuum  oil  deposited  considerable  quantities 
of  carbon,  proportionately  more  than  the  less  viscous  Mid-Continent 
residuum  oil  (oil  B)  previously  discussed. 

GENERAL    DISCUSSION    OF   RESULTS. 

In  addition  to  discussing  the  results  of  cracking  in  terms  of  the 
predeterminable  variables — temperature,  pressure,  rate  of  feed,  and 
properties  of  the  original  oil — it  is  important  to  consider  some  of  the 
relations  among  the  results  of  the  cracking  reaction.  Certain  of 
these  relations  have  already  received  attention  but  others  remain  to 
be  discussed. 

RELATION  BETWEEN  VOLUME  OF  GAS  FORMED  AND  LOSS  IN 
RECOVERY  OF  CRACKED  OIL. 

For  a  large  number  of  cracking  experiments,  the  volume  of  gas 
formed  was  measured  with  a  calibrated  wet  meter.  The  results 
appear  in  Table  3  (see  pp.  23-29). 

Table  10,  comprising  certain  figures  from  Table  3,  indicates  that, 
owing  to  the  rather  inconsistent  nature  of  the  limits  employed,  a  curi- 
ous coincidence  occurs,  which  has  already  been  commented  upon 
(see  p.  38).  The  sum  of  the  percentage  of  oil  recovered  and  the  vol- 
ume, measured  in  tenths  of  a  cubic  foot,  of  gas  obtained  by  cracking 
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500  c.  c.  of  oil  is  in  practically  all  cases  approximately  100.  This 
numerical  coincidence  has  no  particular  significance,  the  important 
fact  being  the  practically  constant  relation  between  the  volume  of 
gas  generated  and  the  percentage  of  liquid  products  lost  in  recovery. 
It  does  not  follow,  however,  that  the  composition  of  the  gas  is  con- 
stant, as  the  weight  of  oil  transformed  into  gas  is  not  proportional  to 
the  volume  of  oil  lost,  on  account  of  changes  in  the  specific  gravity  of 
the  cracked  oil. 


Table  10. — Data  indicating  that  the  percentage  of  oil  recovered  phis  10  times  the  number 
of  cubic  feet  of  gas  formed  from  500  ex.  of  oil  are  approximately  equal  to  100. 


Recovery  of  oil  (per  cent). 

Volume 
of  gas  in 
tenths  of 
a  cubic 
foot. 

Sum  of 
percent- 
age re- 
covery 

and 
volume 
of  gas. 

Recovery  of  oil  (per  cent). 

Volume 
of  gas  in 
tenths  of 
a  cubic 
foot. 

Sum  of 
percent- 
age re- 
covery 

and 
volume 
of  gas. 

Oil  A,  low  carbon  formation: 
94 

7 

9 

12 
11 

9 
10 

9 
10 
12 

8 
15 

8 
11 
16 
15 
14 
16 
11 
22 
21 
21 
15 
20 
11 
12 
17 
20 
21 
24 
21 
31 
22 
28 
11 
16 
21 
25 

101 
99 
101 
101 
100 
100 
100 
98 
97 
98 
99 
100 
100 
102 
102 
100 
100 
99 
98 
99 
100 
97 
97 
100 
100 
99 
101 
101 
100 
97 
98 
96 
96 
99 
100 
101 
102 

Oil  A,  low  carbon  formation — 
Continued. 
73 

27 
31 
19 
26 
39 
28 
34 
33 

7 
10 

8 
14 
13 
16 
17 
16 
16 
27 
11 
21 
27 
23 
31 
30 
31 

16 
14 
18 
22 
21 
23 
27 
30 
34 

90 

100 

89 

71 

102 

90 

78 

97 

91 

71 

97 

90 

60 

99 

91 

67 

95 

88 

62 

96 

85 

66 

99 

90 

Oil  B,  high  carbon  formation: 
92 

84 

99 

92 

85 

95 

89 

92 

100 

86 

86 

100 

87 

87 

100 

86 

81 

100 

84 

81 

98 

85 

83 

99 

76 

79 

95 

78 

74 

101 

79 

80 

(91) 
97 

82 

76 

77 

81 

(108) 
101 

89.-: 

78 

88 

67 

98 

82 

69 

99 

81 

68... 

99 

80 

Oil  C,  low  carbon  formation: 
85 

76 

101 

76 

83 

97 

67 

85  . 

103 

74 

77 

99 

68 

78 

99 

88 

75.. . 

98 

84 

71 

98 

80 

70   . 

100 

77 

64 

98 

IMPORTANCE    OF    FIGURES    OBTAINED. 

The  figures  obtained  are  of  importance  in  two  connections. 

1.  They  give  basic  data  for  the  estimation  of  yields  of  gas  obtained 
in  vapor-phase  cracking  processes.  When  calculated  in  terms  of 
commercial  cracking  units,  it  appears  that  about  76  cubic  feet  of 
gas  are  formed  for  each  gallon  of  oil  lost  in  recovery  in  an  oil-cracking 
plant.     The  gas  produced  by  the  cracking  of  petroleum  has  been  found 
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(reference  32,  p.  54)  to  have  a  calorific  value  between  the  limits  of 
1,000  and  1,500  B.t.u.  per  cubic  foot.  A  representative  figure  for 
the  product  obtained  under  conditions  favorable  for  the  commercial 
operation  of  vapor-phase  cracking  processes  would  probably  be 
between  the  limits  of  1,300  and  1,400  B.t.u.  per  cubic  foot. 

2.  The  second  practical  application  of  the  constant  relation  between 
the  volume  of  gas  formed  and  the  percentage  recovery  loss  of  oil  con- 
cerns the  operating  control  of  vapor-phase  cracking  processes.  Such 
control  can,  of  course,  be  effected  by  making  frequent  and  systematic 
observations  of  the  factors  of  temperature,  pressure,  and  rate  of  oil 
feed.  In  addition,  it  is  desirable  to  make  frequent  laboratory  dis- 
tillations of  the  cracked  oil.  These  methods  are,  however,  subject 
to  certain  objections.  The  installation  of  the  instruments  and  appa- 
ratus for  the  various  measurements  necessarily  involves  expense. 
Making  detailed  observations  adds  to  the  labor  cost  of  operation, 
and  there  is  the  additional  possibility  of  incorrect  readings,  inaccurate 
instruments,  and  misinterpretation  of  figures.  The  distillation  test 
is  a  reliable  check  upon  operating  conditions  but  consumes  just 
enough  time  to  make  the  information  it  supplies  "history"  instead 
of  '"news."  It  is  desirable  to  know  what  a  furnace  is  doing  at  a 
particular  moment  rather  than  what  it  was  doing  half  or  three- 
quarters  of  an  hour  before. 

Obviously  a  decided  need  exists  for  some  method  of  observation 
or  test  which  will  indicate  simply  and  reliably  what  is  actually  being 
accomplished  in  the  cracking  furnace  rather  than  what  ought  to  be 
accomplished  or  what  has  been  accomplished.  In  the  commercial 
operation  of  vapor-phase  cracking  processes  for  the  production  of 
toluene  and  aromatic  hydrocarbons  it  was  foimd  practicable  to 
regulate  conditions  on  the  basis  of  measurements  of  the  specific 
gravity  of  the  cracked  oil.  For  the  production  of  gasoline  this 
method  of  control  is  not  satisfactory,  because,  as  shown  by  the  facts 
mentioned  on  pages  31,  a  given  specific  gravity  figure  ma}T  indicate 
two  different  degrees  of  cracking.  The  authors  believe  that  one  of 
the  most  reliable  indices  of  the  degree  of  cracking  is  the  percentage 
of  oil  that  is  being  transformed  into  nonliquid  products,  such  as 
carbon  or  gas.  It  is  not  always  practicable  to  measure  the  per- 
centage of  oil  recovered  continuously  during  the  operation  of  a  crack- 
ing furnace,  but  it  should  be  relatively  simple  to  meter  the  quantity 
of  gas  formed.  This  quantity,  as  has  just  been  shown,  is  almost 
exactly  proportional  to  the  loss  in  recovery  of  liquid  products.  A 
meter  indicating  the  rate  of  flow  of  gas  undoubtedly  could  check 
the  performance  of  a  cracking  furnace  and  might  permit  the  omission 
of  a  considerable  proportion  of  the  control  observations  now  reouired. 
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RELATION   BETWEEN    SPECIFIC    GRAVITY    AND    DEGREE    OF   UN- 
SATURATION  OF  THE    GASOLINE    FRACTION. 

In  the  discussion  of  specific  gravities  and  degrees  of  unsaturation 
of  the  150°  C.  (gasoline)  distillation  fractions  from  the  cracked  or 
synthetic  oils,  there  have  been  noted  certain  tendencies  in  variation 
of  these  properties  with  temperature,  pressure,  and  rate  of  feed.  It 
has  seemed  that  the  relation  between  specific  gravity  and  degree  of 
unsaturation  might  give  some  indication  of  the  chemical  mechanism 
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SPECIFIC  GRAVITY  OF  GASOLINE  FRACTION. 

Figure  5. — Curves  illustrating  the  indefinite  nature  of  the  relation  between  the  specific  gravity  and  the 
"degree  of  unsaturation"  of  the  gasoline  fraction  produced  by  the  cracking  reaction. 

of  the  cracking  process  as  to  the  types  of  hydrocarbons  formed  under 
various  conditions  from  any  one  original  oil. 

The  theory  commonly  accepted  for  the  course  of  the  cracking 
reaction  is  that  the  decomposition  of  paraffin  hydrocarbons  goes 
through  the  following  stages: 

Paraffins  — »  olefins  — >  ?  — >  aromatics  — »  ?  — >  carbon  and  gas. 

vSome  doubt  exists  as  to  the  stage  intermediate  between  olefins  and 
aromatic  hydrocarbons,  a  theory  propounded  by  Berthelot  (references 
1  and  2,  p.  51)  and  widely  accepted  until  recently,  being  that  hydro- 
carbons of  the  acetylene  series  are  formed  and  at  once  transformed 
quantitatively  into   aromatic  hydrocarbons.     Some  recent  experi- 
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ments  (reference  4)  have  shown  that  the  formation  of  acetylene  hydro- 
carbons in  this  intermediate  state  is  highly  improbable,  inasmuch 
as  acetylene  is  not  quantitatively  transformed  into  aromatic  hydro- 
carbons under  the  conditions  of  cracking.  Acetylene  hydrocarbons 
have  never  been  detected  in  cracked  oils,  and  this  evidence  refutes 
the  theory  that  they  have  been  formed  and  quantitatively  trans- 
formed into  further  products  of  the  series  of  reactions. 

On  the  assumption  that  the  degree  of  unsaturation  is  an  approxi- 
mate index  of  the  content  of  olefin  hydrocarbons,  and  that  specific 
gravity  is  an  approximate  index  of  the  content  of  aromatic  hydro- 
carbons, it  is  interesting  to  compare  the  relation  of  these  two  sets 
of  figures  as  determined  for  the  150°  C.  gasoline  fraction.  However, 
it  seems  impossible  to  prove  or  disprove  definitely  either  of  these 
assumptions,  particularly  the  latter  on  the  basis  of  data  at  present 
available,  but  they  offer  a  convenient  basis  for  discussion  of  results. 
Figure  5  represents  these  data,  and  it  will  be  observed  that,  although 
the  points  are  scattered,  a  certain  general  tendency  is  indicated  by 
the  form  of  the  two  curves  that  serve  to  limit  the  area  within  which 
most  of  the  points  fall.  It  appears  that  the  degree  of  unsaturation 
tends  to  decrease  as  specific  gravity  increases  (B.  gravity  goes  down), 
but  this  relation  is  sufficiently  indefinite  to  show  that  other  factors 
play  a  part  in  controlling  it. 

RELATION  BETWEEN  MAGNITUDES  OF  FRACTIONS  DISTILLING 
BELOW  THE  LIMITS  150°  C.  (302°  F.),  175°  C.  (347°  F.),  AND  200°  C. 
(392°   F.). 

In  all  discussion  up  to  the  present,  gasoline  formation  apparently 
has  been  considered  as  proportional  to  the  magnitude  of  the  fraction 
distilling  from  the  cracked  oil  up  to  a  vapor  temperature  of  150°  C. 
(302°  F.).  This  fraction  actually  represents  gasoline  which,  in  terms 
of  commercial  rating,  would  have  an  end  point  of  about  175°  C. 
(347°  F.) .  According  to  an  estimate  based  on  a  survey  of  the  gasoline 
market  by  the  Bureau  of  Mines  in  the  spring  of  1919,  average  motor 
gasoline  probably  has  an  end  point  of  between  215°  C.  (419°  F.)  and 
225°  C.  (437°  F.),  and  if  a  cut  limit  representative  of  this  grade  of 
gasoline  were  selected  it  would  be  in  the  neighborhood  of  190°  C. 
(374°  F.).  The  reason  for  selecting  the  150°  C.  mark  was,  as  has 
already  been  stated,  to  avoid  complications  due  to  the  presence  in 
some  of  the  original  oils  of  fractions  distilling  between  the  limits  of 
150°  C.  to  200°  C.  Use  of  the  150°  C.  limit  permitted  comparison  of 
most  of  the  oils  without  making  corrections  for  the  naphtha  content 
of  the  original  material.  It  is,  however,  important  to  estimate  the 
possible  gasoline  production  of  vapor-phase  cracking  processes  in 
terms  of  an  actual  rather  than  an  academic  grade  of  gasoline.  Ac- 
cordingly, some  of  the  data  have  been  reviewed  to  calculate  ratios  by 
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which  the  previously  discussed  percentages  of  gasoline  formation  can 
be  transformed  into  figures  of  commercial  significance. 

Oil  A,  the  Pennsylvania  gas-oil  or  fuel-oil  distillate,  was  free  from 
fractions  boiling  below  200°  C,  and  the  figures  obtained  for  distillation 
of  its  cracked  products  can  therefore  be  used  to  determine  the  desired 
ratios.  The  average  cut  below  175°  C.  is  1.14  times  as  great  as  the 
average  cut  below  150°  C,  and  the  corresponding  ratio  between  cuts 
made  to  include  fractions  distilling  below  200°  C.  and  below  150°  C. 
is  1.33.  A  fair  value  for  present  motor  gasoline,  which  may  be  con- 
sidered as  intermediate  in  volatility  between  the  grades  represented 
by  the  175°  C.  and  200°  C.  fractions,  would  probably  be  about  1.25; 
it  may  therefore  be  stated  that  commercial  yields  should  be  about 
25  per  cent  greater  than  the  figures  upon  which  previous  discussion 

is  based. 

SUMMARY; 

The  results  of  the  experiments  described  in  this  report  may  be 
summarized  briefly  as  follows: 

1.  Evidence  obtained  tends  to  support  the  theory  that  cracking 
is  a  contact-surface  reaction,  as  the  controlling  temperature  is  that 
of  the  furnace  walls  rather  than  of  the  current  of  oil  vapor. 

2.  (a)  The  range  of  temperature  favorable  for  the  commercial 
production  of  gasoline  seems,  for  any  given  oil  and  any  given  pressure 
and  rate  of  feed,  to  be  within  temperature  limits  considerably  less 
than  50°  C.  apart.  With  oil  A,  a  distillate  derived  from  Pennsyl- 
vania crude,  the  yields  of  gasoline  at  550°  C.  were  probably  a  little 
lower  than  would  have  been  acceptable  in  commercial  practice.  At 
580°  C.  the  losses  in  recovery  of  cracked  oil  were  excessive  for  com- 
mercial operations,  except  possibly  when  the  original  fuel  oil  was 
exceedingly  cheap  or  the  plant  was  in  a  locality  offering  a  profitable 
market  for  the  gas  formed. 

(b)  The  favorable  temperature  range  is  apparently  not  the  same 
for  all  oils  and  seemed  to  be  at  least  20°  C.  higher  for  a  Humble  field, 
Tex.,  distillate  (oil  D)  than  for  the  Pennsylvania  gas  oil  (oil  A). 

(c)  The  present  experiments  indicate  that  the  degree  of  cracking 
possible  with  contact  surfaces  at  500°  C.  or  lower  is  negligible  for  the 
rates  of  feed  employed. 

3.  Pressure  is  favorable  for  cracking,  at  least  up  to  the  highest 
limit  (200  pounds  gage  reading)  used  in  the  present  experiments. 
Limitations  affecting  the  use  of  high  pressure  are  apparently  those 
imposed  by  the  mechanical  strength  of  the  equipment  rather  than  by 
the  course  of  the  reactions  involved.  It  appears,  however,  that  the 
advantage  gained  by  increasing  pressure  from  atmospheric  to  100 
pounds  gage  reading  is  notably  greater  than  the  advantage  gained 
by  a  further  increase  to  200  pounds.     One  hundred  pounds  is  gen- 
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erally  regarded  as  safe  pressure  for  commercial  size  units,  and  fortu- 
nately, seems  high  enough  to  yield  a  large  share  of  the  possible  benefit 
to  be  derived  from  high  pressure. 

4.  The  quantity  of  carbon  formed  for  the  range  of  conditions  favor- 
able for  gasoline  production  seems  to  be  controlled  chiefly  by  the 
content  of  high-boiling  fractions,  particularly  so-called  asphaltic 
material,  in  the  oil  cracked.  Distillate  oils  deposit  carbon  in  quan- 
tities too  small  to  be  measurable  under  present  experimental  con- 
ditions. It  is  believed  that,  in  large-scale  cracking  operations, 
trouble  with  carbon  can  be  obviated  by  using  properly  prepared  oils, 
by  controlling  temperatures  accurately,  and,  if  necessary,  by  cleaning 
tubes  occasionally  by  blowing  out  all  oil  vapor  with  steam  and  sub- 
sequently oxidizing  any  slight  carbon  deposit  by  a  brief  blowing  with 
air.  This  latter  treatment  has  been  used  in  commercial  sized  vapor- 
phase  cracking  plants,  and  the  present  experience  with  light  deposits 
of  carbon  indicates  that  it  is  probably  efficacious. 

5.  On  the  assumption  that  a  gasoline  with  an  end  point  of  approxi- 
mately 430°  F.  is  to  be  produced,  it  appears  that  the  vapor-phase 
cracking  process  can  in  a  single  treatment  produce  as  much  as  28 
per  cent  of  gasoline  from  a  naphtha-free  original  oil.  It  is  not  be- 
lieved, however,  that  this  figure  can  be  attained  profitably  in  com- 
mercial practice,  as  it  involves  too  great  a  loss  in  the  recovery  of 
cracked  oil.  It  is  not  possible  to  predict  what  figure  would  prove  most 
profitable  on  a  commercial  basis,  but  a  yield  of  20  to  25  per  cent  of 
gasoline  seems  reasonable  and  should  not  involve  a  loss  in  recovery 
of  cracked  oil  exceeding  about  15  per  cent. 

These  figures  are  not  impressive  compared  to  those  frequently 
quoted  for  the  commercial  possibilities  of  cracking  processes,  but  it 
must  be  remembered  that  they  mean  a  single  treatment  in  the 
cracking  furnace,  that  they  exclude  any  naphtha  that  might  be  con- 
tained in  the  oil  before  cracking,  and  that  they  are  calculated  on  the 
basis  of  the  oil  originally  run  into  the  furnace  instead  of  on  the  basis 
of  the  oil  recovered.  By  taking  advantage  of  various  omissions  in 
statement,  it  would  have  been  possible  to  interpret  present  results 
as  indicating  gasoline  yields  as  favorable  as  45  to  50  per  cent;  but 
such  figures,  although  imposing  on  paper,  do  not  represent  either  an 
accurate  scientific  statement  of  results  or  the  possibility  of  highly 
profitable  commercial  operations. 

6.  The  losses  in  recovery  of  cracked  oil,  accounted  for  chiefly  as 
gas  formation,  range  from  10  per  cent  to  30  per  cent.  It  seems  possi- 
ble to  obtain  commercially  satisfactory  yields  of  gasoline  with  losses 
not  exceeding  15  per  cent. 

7.  (a)  The  gasoline  produced  by  vapor-phase  cracking  has  a  rel- 
atively high  degree  of  unsaturation,  the  acid-absorption  figures  rang- 
ing from  25  to  40  per  cent.  The  higher  boiling  fractions  show  a 
smaller  acid  absorption  (lower  degree  of  unsaturation)  than  the  more 
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volatile  fractions.  It  seems,  however,  that  the  presence  of  olefin  or 
unsaturated  hydrocarbons  is  not  essentially  disadvantageous  in  the 
commercial  utilization  of  motor  fuel  if  certain  associated  products, 
probably  diolefins,  are  removed.  Such  removal  is  undoubtedly  pos- 
sible, and  has  already  been  accomplished  in  preparing  Burton  gaso- 
line for  the  market,  by  properly-regulated  treatment  with  sulphuric 
acid.  Hot  filtration  through  Florida  clay  or  bauxite  is  claimed 
(reference  22,  p.  53)  to  accomplish  the  same  purification. 

(&)  The  relatively  high  specific  gravity  of  some  of  the  cracked 
products  indicates  an  appreciable  content  of  aromatic  hydrocarbons. 
For  gasolines  that  would  be  produced  commercially,  this  aromatic 
content  is  not  likely  to  exceed  a  maximum  of  10  or  15  per  cent  and 
no  evidence  is  at  hand  that  this  content  is  anything  but  advantageous. 

8.  The  residuum  from  once-cracked  oil  does  not  seem  to  be  quite 
as  good  for  cracking  as  the  original  oil  (see  references  18  and  29).  A 
higher  temperature  is  probably  required  to  bring  about  a  desired 
degree  of  conversion,  and  unless  the  residuum  is  previously  distilled 
to  get  rid  of  asphaltic,  pitchy,  or  other  undesirable  material,  carbon 
trouble  is  likely  to  result.  The  Bureau  of  Mines  has  been  advised 
that  in  one  commercially  operated  vapor-phase  cracking  process  no 
synthetic  residuum  is  put  back  through  the  cracking  furnace,  the 
accepted  practice  being  first  to  distill  to  dryness,  then  to  crack  the 
distillate.  Another  process  of  similar  type  passes  the  undistilled 
once-cracked  residuum  through  the  furnace  but  distills  it  before 
attempting  a  second  rerun. 

9.  Residuum  fuel  oils  appear  to  be  unfavorable  material  for  crack- 
ing, the  disadvantage,  however,  being  excessive  carbon  deposition 
rather  than  failure  to  form  gasoline.  Some  types  of  distillate  oils 
seem  to  crack  better  than  others,  but  no  distillate  oil  was  tried  that 
did  not  seem  to  be  satisfactory  material  for  cracking. 

10.  It  was  shown  that  the  recovery  losses  incident  to  a  given  per- 
centage of  gasoline  formation  were  smaller  when  the  temperature  and 
rate  of  feed  were  relatively  high  than  when  these  were  lower.  This 
seems  to  be  a  decided  commercial  advantage  and  is  the  reverse  of 
what  might  have  been  expected  on  the  basis  of  previous  experience 
with  cracking  at  very  high  temperatures. 
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Temperature  range  from  about  500°  C.  to  1000°  C.  Compares  also  catalytic 
effect  of  several  metals.  Shows  that  benzene  can  be  formed  from  hydro- 
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